Allocation de ressource et analyse des critères de performance dans les réseaux cellulaires coopératifs by Maaz, Mohamad
Resource allocation and performance metrics analysis in
cooperative cellular networks
Mohamad Maaz
To cite this version:
Mohamad Maaz. Resource allocation and performance metrics analysis in cooperative cellular
networks. Networking and Internet Architecture [cs.NI]. INSA de Rennes, 2013. English.
<NNT : 2013ISAR0036>. <tel-01078638>
HAL Id: tel-01078638
https://tel.archives-ouvertes.fr/tel-01078638
Submitted on 29 Oct 2014
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
  
 
Allocation de ressource et 
analyse des critères de 
performance dans les 
réseaux cellulaires 
coopératifs 
 
Thèse soutenue le 03.12.2013 
devant le jury composé de : 
 
Xavier LAGRANGE 
Professeur à TELECOM Bretagne / Président 
Daniel ROVIRAS  
Professeur au CNAM Paris / Rapporteur 
Charly POULLIAT 
Professeur à l’INP - ENSEEIHT Toulouse / Rapporteur 
Charlotte LANGLAIS  
Maître de conférence à TELECOM Bretagne / Examinatrice 
Philippe MARY 
Maître de conférence à l’INSA de Rennes / Co-encadrant 
Maryline HELARD 
Professeur à l’INSA de Rennes / Directrice de thèse 
THESE INSA Rennes 
sous le sceau de l’Université européenne de Bretagne  
pour obtenir le titre de 
DOCTEUR DE L’INSA DE RENNES 
Spécialité : Électronique et Télécommunications 
présentée par 
Mohamad MAAZ  
ECOLE DOCTORALE : MATISSE 
LABORATOIRE : IETR 
 

 Resource allocation and 
performance metrics analysis in  
cooperative cellular networks 
 
 
 
 
 
Mohamad MAAZ 
 
 
 
 
 
Avec le support de 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Document protégé par les droits d’auteur 

Acknowledgement
First and foremost, I would like to express my deepest gratitude to my advisor Philippe Mary
for his fundamental role in my doctoral work. I would like to thank you for all I have learned from
you. I really appreciate your guidance, assistance, and expertise that enabled me to accomplish
the attributed task. I will forever be thankful to you for the constructive and fruitful discussions
that leaded to this valuable work. Your attitude to research inspired me how to always look ahead
and never give up to any scientific problem I could face. You guided me how to be a rigorous,
serious and an independent thinker. I’m really a lucky person to have the opportunity to work
with you !
In addition, I would like to gratefully and sincerely thank my thesis director, Professor Maryline
He´lard. It was a great opportunity to do my doctoral program under your guidance and to learn
from your research expertise. Thank you for the scientific advices and many insightful discussions
and suggestions. Thank you for providing me an excellent atmosphere for doing research. Your
impressive insight and technical experience had a great impact on me.
I would also like to thank my committee members, Maˆıtre de confe´rence Charlotte Langlais,
Professor Daniel Roviras, Professor Charly Poulliat and Professor Xavier Lagrange for evaluating
my doctoral work. I’m very grateful to you for the spent time and valuable feedback on this
dissertation. Thank you for the brilliant comments and suggestions that inspired me a lot of ideas.
A special thank goes to the working team at the IETR laboratory. It is the most wonderful
team I ever seen. I’m thankful to everyone of you. I would also like to thank Matthieu Crussie`re,
Yvan Kokar, Ming Liu, Jean-Yves Baudais and Yasset Oliva.
Most importantly, I’m very grateful to my parent. You deserve as much thanks as anyone. I
would like to thank you for the endless patience and encouragement. I’m deeply indebted for your
love, caring and support throughout my entire life.
Last, but certainly not least, I must acknowledge with tremendous and deep thanks Alyona
Karavaeva for her kindness and encouragement. You were always a great support in all my struggles
and frustrations during my doctoral work. Your presence has been the most meaningful and
wonderful thing in my life !
i

Table of contents
Acronyms vii
Notations ix
Re´sume´ en Franc¸ais 1
Abstract 3
Re´sume´ long de la the´se en franc¸ais 5
Introduction 15
1 State of the Art and Mathematical Background 20
1.1 Cooperative Communications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.1.1 General Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.1.2 Cooperative Communications Protocols . . . . . . . . . . . . . . . . . . . . . . . . 23
1.1.3 Gains of Cooperative Communications . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.1.4 Channel Capacity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.2 Cross-layer Protocols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
1.3 Performance Metrics of Wireless Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
1.4 Energy Consumption Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
1.5 Mathematical Optimization Tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
1.5.1 Standard Form . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
1.5.2 Optimal Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
1.5.3 Lagrange Dual Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
1.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
2 Resource Allocation for QoS Aware Relay-Assisted OFDMA Cellular Networks 40
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.2 System Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
iii
iv Table of contents
2.3 Problem Formulation and Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.3.1 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.3.2 Problem Convexity and Optimal Solution . . . . . . . . . . . . . . . . . . . . . . . 44
2.4 Joint Optimal Power Allocation, Relay selection and Subcarriers Assignment (JPRS) . . . 47
2.5 Numerical results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.5.1 Throughput performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.5.2 Power efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.6 Conclusions and Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3 Performance Metrics Analysis of Hybrid-ARQ Schemes 56
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.2 System Model and Protocol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3 Packet error rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.4 Average delay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.5 Throughput efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.6 Analysis for a given MCS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.6.1 Error probability model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.6.2 ARQ and HARQ-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.6.3 HARQ-CC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.7 Numerical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.7.1 PER versus SNR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.7.2 Average delay versus γeff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.7.3 ηT versus γeff . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.7.4 ηT versus dr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.7.5 ηT versus dr and θr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.8 Outage Probability in HARQ Networks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.8.1 System model and end-to-end delay . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.8.2 Outage probability derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.8.3 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.9 Conclusions and remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4 Energy Efficient Relay-assisted Hybrid-ARQ Networks 84
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
4.2 Energy efficiency analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.3 Energy minimization in HARQ-I relay-assisted networks . . . . . . . . . . . . . . . . . . . 93
4.3.1 System and delay models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
4.3.2 Energy minimization problem . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
4.3.3 Problem Convexity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.3.4 Problem Solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.3.5 Optimal power and delay allocation . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.3.6 Relay selection strategy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
4.3.7 Lagrange dual variables update . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
4.3.8 Energy Minimization Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.3.9 Numerical analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.3.10 Optimal energy consumed and average starvation rates . . . . . . . . . . . . . . . 105
4.3.11 Energy consumption and starvation rate versus delay requirement . . . . . . . . . 106
4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
Conclusions and Perspectives 110
Appendix A 114
A.1 Derivation of An . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
A.2 Derivation of Bn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
A.3 Derivation of Cn . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
A.4 Derivation of A(n, n′) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
A.5 Derivation of B(n, n′,m) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
Appendix B 124
B.1 Proof of Theorem 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
Appendix C 130
C.1 Proof of proposition 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
C.2 Energy-Delay versus power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
C.3 Energy-delay ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
vi
Acronyms
ACK Acknowledgment
AF Amplify-and-Forward
AWGN Additive White Gaussian Noise
BER Bit Error Rate
BPSK Binary Phase Shift Keying
BS Base Station
CC Chase Combining
CF Compress-and-Forward
CRC Cyclic Redundancy Check
CSI Channel State Information
dB Decibel
DF Decoded-and-Forward
FEC Forward Error Correction
HARQ Hybrid-Automatic Repeat Request
IP Internet Protocol
KKT Karush-Kuhn-Tucker
KPI Key Performance Indicator
LDPC Low-density Parity-Check
LLR Log Likelihood Ratio
MAC Medium Access Control
MIMO Multiple-Input-Multiple-Output
MRC Maximum Ratio Combing
MS Mobile Station
MCS Modulation and Coding schemes
NACK Non-Acknowledgment
OFDMA Orthogonal Frequency Division Multiple Access
PER Packet Error Rate
pdf Probability Density Function
QoS Quality-of-Service
RS Relay Station
SISO Single-Input-Single-Output
SNR Signal-to-Noise Ratio
STBC Space-Time Block Code
TS Time Slot
VAAs Virtual Antenna Arrays
WSN Wireless Sensor Networks
4G 4-th Generation
viii
Notations
γ Instantaneous signal-to-noise-ratio
γ Average signal-to-noise ratio
γij Instantaneous signal-to-noise-ratio in the i− j link
γij Average signal-to-noise-ratio in the i− j link
hij Channel fading in the i− j link
κ Path-loss exponent
f(γ) Instantaneous packet error rate
Pij Average packet error rate in the i− j link
Pr(.) Probability operator
pγ(γ) Probability density function of γ
g = [gk]1×K A K length vector of element gk
G = [gkm]K×M K ×M matrix of element gkm
[gnkm]K×M×N K ×M ×N hyper-matrix with element gnkm
NF Number of subcarriers
Dm Delay constraint of user m
N t Average total delay
ηE Energy efficiency
ηT Throughput efficiency
B(x, y) Beta function
lim Limit operator
max{x, y} The maximum between x and y
min{x, y} The minimum between x and y
E Mathematical expectation
R Set of real numbers
pij Allocated power in the i− j link
pnij Allocated power on the n-th subcarrier in the i− j link
ρm Throughput constraint of user m
Bw Bandwidth
pl Path-loss
N0 Noise spectral density
σ2 Noise variance
Eb Bit energy
dr Relay distance
θr Relaying angle
L Number of information bits in a packet
R0 Code rate
Q(.) Successful decoding probability
Nmax Maximum Number of allowed retransmissions
Rb Transmission bit rate
fc Carrier frequency
Pt Transmission power
C Channel capacity
L(n) Number of transmitted bits till the instant n
R0 Mother code rate
Ptot Total power constraint
P(O) Outage probability
do Diversity order
ro Multiplexing order
L The Lagrangian
[.]+ max{0, .}
dg Duality gap
Ptx Transmitter circuitry power
Prx Receiver circuitry power
∇(.) Gradient operator
Lack Number of bits in ACK packet
Etx Transmitter energy consumption
Erx Receiver energy consumption
Eack Energy consumption due to N/ACK packet
sup Supremum
inf Infinimum
List of figures
1 Re´seau OFDMA a` relais . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2 Fig. 2a : L’efficacite´ spectrale moyenne en bits/s/Hz en fonction de la puissance total Ptot
- Fig. 2b : Le taux d’utilisateurs moyen sans ressources en fonction de la puissance total
Ptot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3 Sche´ma de reliage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4 Fig. 4a : L’e´nergie totale consomme´e en joule/bit en fonction de la puissance totale Ptot
- Fig. 4b : Le taux d’utilisateurs sans ressouces en fonction de la puissance totale Ptot.
Le nombre d’utilisateurs M = 4 et les utilisateurs ont des contraintes de de´lai Dm =
[1.5 1.5 2.5 2.5] TS (Time slot) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.1 Linear deployment of relays between s and u . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.2 Relay-assisted scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.3 HARQ-I retransmission protocol where R0 is the used coding rate . . . . . . . . . . . . . 30
1.4 HARQ-CC retransmission protocol for Nmax = 3. Each retransmitted packet is combined
with the previously erroneous packets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
1.5 HARQ-IR retransmission protocol for Nmax = 3. Each retransmitted redundancy packet
is added to the previously erroneous packets . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.6 A convex function f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.1 System model: Multi-user OFDMA cooperative cellular network . . . . . . . . . . . . . . 41
2.2 Concavity of the function g(x, y) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
2.3 Average total throughput versus Ptot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4 Average starved user rate versus Ptot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.5 Average total throughput versus M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.6 Average starved user rate versus M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
2.7 Minimum required power versus throughput constraint for M = 5 and 10 . . . . . . . . . 52
2.8 Minimum required power versus Relays position for M = 5 and 10 . . . . . . . . . . . . . 53
3.1 Relay-assisted scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2 PER for coded and non-coded p2p and cooperative HARQ schemes versus γ¯eff for Nmax =
2, 5 and 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
3.3 Theoretical and simulated average delay in time slots (TS) versus γeff in dB for coded
and non-coded cooperative HARQ-I, cooperative HARQ-CC and p2p HARQ-CC schemes
and for Nmax = [2, 5, 10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
xi
xii List of figures
3.4 Theoretical and simulated throughput efficiency (ηT ) versus γeff in dB for coded and non-
coded Cooperative HARQ-I, Cooperative HARQ-CC and p2p HARQ-CC schemes and for
Nmax = [2, 5, 10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.5 Theoretical and simulated ηT versus relay position dr for non-coded cooperative HARQ-I
and cooperative HARQ-CC schemes. The transmission powers are Pt = 35 and 45 dBm
and Nmax ∈ [2, 5, 10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.6 ηT for cooperative HARQ-I and HARQ-CC schemes versus relay position dr and relaying
angle θr, for Nmax = 5 and Pt = 35 and 45 dBm . . . . . . . . . . . . . . . . . . . . . . . . 76
3.7 ηT Relative Gain between cooperative HARQ-CC and HARQ-I schemes versus relay posi-
tion dr and relaying angle θr, for Nmax = 5 and Pt = 35 and 45 dBm . . . . . . . . . . . . 77
3.8 Outage probability P(O) vs. EbN0 for θm = 1.5 and 4 TS . . . . . . . . . . . . . . . . . . . 81
3.9 Outage probability P(O) vs. θm for EbN0 = 10 and 15 dB . . . . . . . . . . . . . . . . . . . 81
4.1 Relay-assisted scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.2 Theoretical and simulated ηE in bits/joule versus Pt in dBm for coded and non-coded
Cooperative HARQ-I, Cooperative HARQ-CC and p2p HARQ-CC schemes and forNmax =
[2, 5, 10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4.3 Theoretical and simulated ηE versus relay position dr for non-coded cooperative HARQ-I
and cooperative HARQ-CC schemes. The transmission powers are Pt = 35 and 45 dBm
and Nmax ∈ [2, 5, 10] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
4.4 ηE for cooperative HARQ-I and HARQ-CC scheme versus relay position dr and relaying
angle θr, for Nmax = 5 and Pt = 35 and 45 dBm . . . . . . . . . . . . . . . . . . . . . . . . 91
4.5 ηE Relative gain between cooperative HARQ-CC and HARQ-I schemes versus relay posi-
tion dr and relaying angle θr, for Nmax = 5 and Pt = 35 and 45 dBm . . . . . . . . . . . . 92
4.6 Energy-Delay versus power pm = p
c
0,k,m + p
c
k,m . . . . . . . . . . . . . . . . . . . . . . . . 104
4.7 Average energy consumed in joules/bit and the average starvation user rate versus Ptot for
M = 4 and 12. Delay constraints Dm = 1.5 and 2.5 TSs . . . . . . . . . . . . . . . . . . . 105
4.8 Average energy consumed in bits/joule and the average starvation user rate versus Dm for
M = 4 and 12. Power constraint is fixed at Ptot = 50 dBm . . . . . . . . . . . . . . . . . . 107
9 Energy-Delay versus power pm = p
c
0,k,m + p
c
k,m . . . . . . . . . . . . . . . . . . . . . . . . 131
Re´sume´ en Franc¸ais
Dans les syste`mes de communications sans fil, la transmission de grandes quantite´s d’information et
a` faible couˆt e´nerge´tique sont les deux principales questions qui n’ont jamais cesse´ d’attirer l’attention
de la communaute´ scientifique au cours de la dernie`re de´cennie.
Re´cemment, il a e´te´ de´montre´ que la communication coope´rative est une technique inte´ressante no-
tamment parce qu’elle permet d’exploiter la diversite´ spatiale dans les canaux sans fil. Cette technique
assure une communication robuste et fiable, une meilleure qualite´ de service (QoS) et rend le concept
de coope´ration prometteur pour la 4G, ainsi que pour les futures ge´ne´rations de syste`mes cellulaires.
Typiquement, les exigences de QoS sont le taux d’erreurs paquet, le de´bit et le de´lai. Ces me´triques sont
impacte´es par le de´lai, induit par les me´canismes de retransmission Hybrid-Automatic Repeat-Request
(HARQ) inhe´rents a` la re´ception d’un paquet errone´ et qui induit un retard sur la qualite´ de service de-
mande´e. En revanche, les me´canismes de retransmission cre´ent une diversite´ temporelle. Par conse´quent,
l’adoption conjointe de la communication coope´rative et des protocoles HARQ pourrait s’ave´rer avanta-
geuse pour la conception de sche´mas cross-layer.
Nous proposons tout d’abord une nouvelle strate´gie de maximisation de de´bit total dans un re´seau
cellulaire he´te´roge`ne ou` les utilisateurs ont diffe´rentes contraintes de de´bit. Nous introduisons un algo-
rithme qui alloue la puissance optimale a` la station de base (BS) et aux relais, qui a` chaque utilisateur
attribue de manie`re optimale les sous-porteuses et les relais. Nous calculons le de´bit maximal atteignable
ainsi que le taux d’utilisateurs sans ressources dans le re´seau lorsque le nombre d’utilisateurs actifs varie.
Nous comparons les performances de notre algorithme a` ceux de la litte´rature existante, et montrons
qu’un gain significatif est atteint sur la capacite´ globale. Cependant cette strate´gie optimale en termes
de de´bit, n’est ge´ne´ralement pas efficace en termes d’e´nergie.
Dans un second temps, nous analysons the´oriquement le taux d’erreurs paquet, le de´lai de bout-
en-bout ainsi que l’efficacite´ de de´bit des re´seaux HARQ coope´ratifs, dans le canal a` e´vanouissements
par blocs. Dans le cas des canaux a` e´vanouissement lents, le de´lai moyen (sur les e´vanouissements)
du me´canisme HARQ n’est pas pertinent a` cause de la non-ergodicite´ du processus. Ainsi, nous nous
inte´ressons plutoˆt a` la probabilite´ de coupure de de´lai moyen (sur un canal AWGN) en pre´sence d’e´vanouis-
sements lents. La probabilite´ de coupure de de´lai n’a jamais e´te´ traite´e dans la litte´rature et est pourtant
de premie`re importance pour les applications sensibles au de´lai. Nous proposons une forme analytique
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de la probabilite´ de coupure permettant de se passer de longues simulations nume´riques. De plus, nous
conside´rons une taille de paquet finie ainsi qu’une modulation et un sche´ma de codage donne´ (MCS), ce
qui rend ces analyses re´alistes d’un point de vue pratique. Des simulations nume´riques viennent corroborer
la validite´ de ces re´sultats analytiques.
Dans la suite de notre travail, nous faisons une analyse the´orique de l’efficacite´ e´nerge´tique exa-
mine´e en bits/joule dans les re´seaux HARQ coope´ratifs. En se basant sur ces analyses, nous re´solvons
un proble`me de minimisation de l’e´nergie dans les re´seaux cellulaires coope´ratifs en liaison descendante.
Dans ce proble`me, chaque utilisateur posse`de une contrainte de de´lai moyen a` satisfaire de telle sorte
que la contrainte sur la puissance totale du syste`me soit respecte´e. La BS est suppose´e n’avoir qu’une
connaissance des moyennes statistiques du canal mais aucune information de l’e´tat instantane´ du canal.
L’algorithme de minimisation permet d’attribuer a` chaque utilisateur la meilleure station-relai, sa puis-
sance (si la coope´ration est de´cide´e) ainsi que la puissance optimale de la BS afin de satisfaire la contrainte
de de´lai de chaque utilisateur. Les simulations montrent qu’en termes de consommation d’e´nergie, les tech-
niques assiste´es par relais surpassent nettement les transmissions directes, dans tout syste`me limite´ en
de´lai.
En conclusion, les travaux propose´s dans cette the`se peuvent promettre d’e´tablir des re`gles fiables pour
l’inge´nierie et la conception des futures ge´ne´rations de syste`mes coope´ratifs cellulaires e´nerge´tiquement
efficaces.
Abstract
In wireless systems, transmitting large amounts of information with low energetic cost are two main
issues that have never stopped drawing the attention of the scientific community during the past decade.
Later, it has been shown that cooperative communication is an appealing technique that exploits
spatial diversity in wireless channel. Therefore, this technique certainly promises robust and reliable
communications, higher quality-of-service (QoS) and makes the cooperation concept attractive for 4G
and beyond cellular systems. Typically, the QoS requirements are the packet error rate, throughput and
delay. These metrics are affected by the delay, where each erroneous packet is retransmitted several times
according to Hybrid-Automatic Repeat-Request (HARQ) mechanism inducing a delay on the demanded
QoS but a temporal diversity is created. Therefore, adopting jointly cooperative communications and
HARQ mechanisms could be beneficial for designing cross-layer schemes.
First, a new rate maximization strategy, under heterogeneous data rate constraints among users is
proposed. It allocates the optimal power at the base station (BS) and relays, assigns subcarriers and
selects relays. The achievable data rate is investigated as well as the average starvation rate in the network
when the load, i.e. the number of active users in the network, increases. This algorithm is compared to
the existing literature by means of extensive simulations. Although this resource allocation strategy is
optimal in terms of throughput, it does not consider the energetic issues.
Second, in block fading channel, theoretical analyses of the packet error rate, end-to-end delay and
throughput efficiency in relay-assisted HARQ networks are provided. In slow fading channels, the average
delay of HARQ mechanisms w.r.t. the fading states is not relevant due to the non-ergodic process of the
fading channel. The delay outage is hence invoked to deal with the slow fading channel and is defined
as the probability that the average delay w.r.t. AWGN channel exceeds a predefined threshold. This
criterion has never been studied in literature, although being of importance for delay sensitive applications
in slow fading channels. Then, an analytical form of the delay outage probability is proposed which might
be very useful to avoid long simulations time. These analyses consider a finite packet length and a given
modulation and coding scheme (MCS) which leads to study the performance of practical systems. The
obtained analytical results are corroborated by means of numerical simulations.
Third, a theoretical analysis of the energy efficiency (bits/joule) in relay-assisted HARQ networks is
provided. Based on this analysis, an energy minimization problem in multiuser relay-assisted downlink
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cellular networks is investigated. Each user has an average delay constraint to be satisfied such that a
total power constraint in the system is respected. The BS is assumed to have only knowledge about the
average channel statistics but no instantaneous channel state information (CSI). Finally, an algorithm that
jointly allocates the optimal power at BS, the relay stations and selects the optimal relay (if cooperation is
decided) in order to satisfy the delay constrains of users is proposed. Simulations show the improvement
in terms of energy consumption of relay-assisted techniques compared to non-aided transmission in delay-
constrained systems. Hence, the work proposed in this thesis can give useful insights for engineering rules
in the design of the next generation energy-efficient cellular systems.
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Introduction ge´ne´rale
Dans les syste`mes de communications sans fil, la transmission de grandes quantite´s d’information et
a` faible couˆt e´nerge´tique sont les deux principales questions qui n’ont jamais cesse´ d’attirer l’attention de
la communaute´ scientifique au cours de la dernie`re de´cennie. Fondamentalement la qualite´ d’une commu-
nication radio est lie´e au canal de propagation. Le signal e´mis subit un e´vanouissement a` petite e´chelle
qui se caracte´rise par une fluctuation ale´atoire qui affecte son amplitude et e´galement un e´vanouissement
a` grande e´chelle qui se caracte´rise par la perte de trajet et le masquage. Ces e´vanouissements ont des
impacts se´ve`res sur la puissance du signal rec¸u. Ainsi, pour ame´liorer la qualite´ des signaux rec¸us, il est
important de concevoir un syste`me de communication fiable et robuste.
En 2000, les travaux mene´s par Dohler [1] et Laneman [2] ont montre´ que les communications
coope´ratives sans fil exploitent la diversite´ spatiale et peuvent assurer une communication robuste et
fiable, une extension de la couverture et une meilleure qualite´ de service (QoS) ce qui rend le concept
de coope´ration prometteur pour la 4G, ainsi que pour les futures ge´ne´rations de syste`mes cellulaires.
Typiquement, les exigences de QoS sont le taux d’erreurs paquet, l’efficacite´ de de´bit et le de´lai de trans-
mission. Ces me´triques sont impacte´es par la retransmission des paquets errone´s graˆce aux me´canismes de
retransmission Hybrid-Automatic Repeat-Request (HARQ). Ne´anmoins, ces me´canismes de retransmis-
sion permettent d’exploiter la diversite´ temporelle. De plus, cette diversite´ temporelle permet d’e´mettre
des paquets d’information a` base puissance. Graˆce a` ces avantages, l’adoption de la technique HARQ
conjointement avec une communication coope´rative pourraient s’ave´rer avantageuse pour la conception
de sche´mas cross-layer. Toutes ces ame´liorations des syste`mes imposent de caracte´riser the´oriquement les
performances des syste`mes afin de ge´rer plus efficacement les algorithmes de ressources radio.
Dans les re´seaux cellulaires, le nombre des utilisateurs mobiles ne cesse d’augmenter. De plus, l’adop-
tion des techniques coope´ratives rend le proble`me d’allocation des ressources particulie`rement difficile en
raison du grand nombre de ressources qui peuvent eˆtre partage´es dans le syste`me, comme la puissance, les
sous-porteuse, le temps et les relais. Il est donc important de proposer des nouvelles strate´gies d’allocation
des ressources qui exploitent la majorite´ des de´gre´s de liberte´ disponibles et assurer la QoS destine´e a`
chaque utilisateur.
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Depuis quelques anne´es, la communaute´ scientifique s’est rendu compte qu’il y a un e´norme gaspillage
d’e´nergie dans les re´seaux sans fil. Cela est duˆ a` l’augmentation du nombre de noeuds qui peuvent
participer a` la transmission de donne´es vers un meˆme terminal mobile. De plus, la communication sur
de courtes distances (en utilisant les multi-sauts) rend la consommation d’e´nergie des circuits (partie
statique) du meˆme ordre de grandeur que celle utilise´e pour la transmission des donne´es.
Ainsi, pour des raisons e´cologiques et e´conomiques, plusieurs travaux comme le projet EARTH ont
eu pour but de re´duire la consommation globale d’e´nergie dans un re´seau d’acce`s radio d’au moins 50 %.
L’ame´lioration technologique des composants du re´seau et l’utilisation des techniques de communications
innovantes pourraient eˆtre des solutions pragmatiques pour cet objectif. De´sormais, deux crite`res doivent
eˆtre respecte´s pour proposer des strate´gies d’optimisation des ressources :
• Satisfaire une QoS pour chaque utilisateur.
• Diminuer ou optimiser la consommation totale d’e´nergie dans l’ensemble du re´seau.
Par conse´quent, un compromis entre la QoS requise et la consommation d’e´nergie existe. En outre,
les crite`res ci-dessus sont devenus essentiels pour les futures normes sans fil qui visent a` concevoir des
protocoles cross-layer qui optimisent les ressources globales disponibles tout en respectant des contraintes
QoS pour chaque utilisateur. En particulier, la communication a` relais est conside´re´e comme une technique
inte´ressante pour re´pondre a` ces crite`res.
Chapitre 1 : Etat de l’art et outils mathe´matiques
Le chapitre pre´sente l’e´tat de l’art sur les communications coope´ratives ainsi que les outils d’optimi-
sation ne´cessaires a` la lecture de la the`se. Nous rappelons l’inte´reˆt des communications coope´ratives et a`
relais notamment en ce qui concerne le gain offert sur l’atte´nuation en espace libre ainsi que le gain de
diversite´ spatial. Nous introduisons e´galement la capacite´ du canal avec relais en bits/s/Hz pour un canal
a` e´vanouissements. Cette capacite´ est utilise´e dans les proble`mes d’allocation des ressources. Ensuite,
comme les techniques de type HARQ ont e´te´ adopte´es dans plusieurs standards de communications, nous
pre´sentons les diffe´rents me´canismes de retransmissions existant dans l’e´tat de l’art :
ARQ simple : Chaque paquet a` transmettre est constitue´ des bits d’information et du CRC (Cyclic
Redundancy Check). L’e´metteur envoie un paquet d’informations et attend le message ACK (Acknowledg-
ment) e´mis par le re´cepteur. Si le paquet d’information est de´code´ avec succe`s, un accuse´ de re´ception
positif est envoye´ par le re´cepteur et un autre paquet est transmis. Dans le cas contraire, un paquet
NACK (Non-acknowledgment) est envoye´. Pour chaque NACK, l’e´metteur retransmet le meˆme paquet
et le me´canisme de retransmission continue jusqu’a` ce que le nombre maximal de retransmissions Nmax
soit atteint.
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HARQ-I : Le principe de HARQ-I est similaire a` celui de l’ARQ simple, mais chaque paquet d’in-
formation est encode´ par un code correcteur d’erreur (FEC) avant d’eˆtre transmis. A la destination, le
paquet est de´code´ inde´pendamment des pre´ce´dents paquets errone´s.
HARQ-CC : Dans cette technique, chaque paquet rec¸u errone´ est combine´ avec les pre´ce´dents paquets
par la technique ’Chase Combining’ [3].
HARQ-IR : La technique HARQ-IR est conside´re´e comme e´tant le plus sophistique´ des me´canismes
HARQ parce qu’un sche´ma de codage spe´cifique est incorpore´ au me´canisme de retransmission. Ainsi,
apre`s l’encodage d’un paquet d’information, un code me`re est engendre´ et divise´ en plusieurs sous-mots
de code de diffe´rent rendement. Pour chaque paquet rec¸u de manie`re errone´e un autre sous-code est re-
transmis et concate´ne´ a` la re´ception avec les mots pre´ce´dents puis de´code´. Ainsi, a` chaque retransmission,
le rendement du code de´croit et la probabilite´ de de´codage s’ame´liore.
Les techniques HARQ offrent un gain de diversite´ temporelle supple´mentaire et peuvent eˆtre utilise´es
conjointement avec les communications coope´ratives et donc permettre une ame´lioration de la perfor-
mance du syste`me de communication. Les me´triques de performance e´tudie´es dans la the`se sont :
PER (taux d’erreurs paquet) : Il est de´fini comme e´tant e´gal au rapport entre le nombre de paquets
d’information rec¸us errone´s et le nombre de paquets d’information transmis.
Efficacite´ du de´bit : Elle est de´finie comme le rapport entre le nombre de bits d’information rec¸us
correctement et le nombre de bits transmis.
De´lai : Il est de´fini comme le nombre moyen de retransmissions utilise´es par paquet dans un certain
environnement. Dans ces travaux, nous le mesurons en nombre de slots temporels.
Efficacite´ e´nerge´tique (bits/joule) : Elle est de´finie comme le rapport entre le nombre de bits
d’informations rec¸us correctement et l’e´nergie moyenne totale consomme´e.
Afin d’e´tudier l’aspect e´nerge´tique des communications coope´ratives avec HARQ, nous introduisons
un mode`le de la consommation e´nerge´tique existant dans l’e´tat de l’art et que nous utiliserons tout au
long de la the`se. Ce mode`le est constitue´ d’une partie statique qui est relie´e a` la consommation e´lectrique
des e´quipements utilise´s et une partie dynamique qui conside`re la consommation due a` la transmission
dans le canal de propagation.
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Figure 1 – Re´seau OFDMA a` relais
Chapitre 2 : Allocation de ressources dans les re´seaux OFDMA cellu-
laires avec relayage
Dans ce chapitre, nous e´tudions un proble`me d’allocation des ressources dans les re´seaux cellulaires
avec la technique d’acce`s OFDMA et en utilisant des relais tel que de´crit sur la figure 1. En utilisant la
capacite´ du canal, nous proposons de maximiser le de´bit de transmission global dans la cellule sachant
que chaque utilisateur a` une contrainte de QoS en bits/s/Hz a` satisfaire. Le re´seau est contraint par une
puissance totale de transmission ainsi qu’une bande passante limite´e. L’objectif est alors d’allouer les
puissances de manie`re optimale a` la station de base (BS) et aux relais. Par ailleurs, selon l’e´tat du canal,
la technique d’optimisation permet d’attribuer a` chaque utilisateur un certain nombre des sous-porteuses
et de de´cider si la communication directe ou coope´rative est pre´fe´rable.
Nous montrons la convexite´ du proble`me d’optimisation et donc nous sommes assure´s de trouver
l’optimum global. Nous proposons ensuite un algorithme qui alloue les puissances optimales, et de´cide la
communication directe avec la BS ou le relayage et qui attribue les sous-porteuses a` chaque utilisateur.
Ensuite, nous comparons cet algorithme avec d’autres algorithmes propose´s dans la litte´rature. L’al-
gorithme propose´ est plus performant par rapport a` un algorithme qui utilise la communication directe
et un algorithme qui utilise la communication coope´rative sans faire l’allocation de puissance.
La figure 2a montre le de´bit total offert en fonction de la puissance de transmission Ptot totale dans
un re´seau cellulaire coope´ratif ou` les utilisateurs ont des contraintes de de´bit diffe´rentes, par exemple [1,
2, 2.5 , 3] bits/s/Hz. En conside´rant diffe´rent nombre des utilisateurs, comme par exemples M = 4, 8 et
12, nous remarquons que notre algorithme surpasse en efficacite´ spectrale ceux n’utilisent pas le relais et
ceux ne faisant pas d’allocation de puissance.
De plus, la figure 2b, de´crit le taux d’utilisateurs sans ressources en fonction de la puissance de
transmission. L’algorithme propose´ montre que le taux d’utilisateurs sans ressources est tre`s bas par
Re´sume´ long de la the´se en franc¸ais 9
25 26 27 28 29 30 31 32 33 34 350
10
20
30
40
50
60
A
ve
ra
ge
to
ta
l
th
ro
u
gh
p
u
t
b
it
/s
/H
z
Ptot dBm
 
 
Coop. M=5
Coop. M=10
Coop. M=15
Coop. Equal power. M=5
Coop. Equal power. M=10
Coop. Equal power. M=15
Non-Coop. M=5
Non-Coop. M=10
Non-Coop. M=15
(a)
25 26 27 28 29 30 31 32 33 34 350
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
A
v
er
ag
e
st
ar
ve
d
u
se
r
ra
te
Ptot dBm
 
 
Coop. M=5
Coop. M=10
Coop. M=15
Coop. Equal power. M=5
Coop. Equal power. M=10
Coop. Equal power. M=15
Non-Coop. M=5
Non-Coop. M=10
Non-Coop. M=15
(b)
Figure 2 – Fig. 2a : L’efficacite´ spectrale moyenne en bits/s/Hz en fonction de la puissance total Ptot - Fig.
2b : Le taux d’utilisateurs moyen sans ressources en fonction de la puissance total Ptot
rapport a` ces deux algorithmes.
Le re´sultat obtenu confirme que l’algorithme propose´ est beaucoup plus performant par rapport a` la
litte´rature existante en termes de de´bit globale ainsi qu’au niveau du taux d’utilisateurs sans ressources.
Chapitre 3 : Analyse des me´triques de performances de sche´mas HARQ
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Figure 3 – Sche´ma de reliage
Le chapitre 3 est de´die´ a` l’analyse des me´triques de performance de sche´mas HARQ en communication
directe et en communication coope´rative avec le protocole ’decode-and-forward’ (DF). En supposant que
le sche´ma de transmission est compose´ d’une source s, un relai r et une destination d tels que repre´sente´
en figure 3 et en canal de Rayleigh nous de´finissons le protocole de retransmission suivant :
Protocole : La source s commence la transmission des paquets a` la destination d. Si le paquet a
e´te´ de´code´ avec succe`s par d, la destination envoie un message ACK a` s et r et donc s commence a`
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transmettre un autre paquet. Sinon, d transmet un message NACK et s commence a` retransmettre le
meˆme paquet jusqu’a` ce que d ou r le de´code. Ainsi, si r rec¸oit le paquet mais que d ne l’a pas encore
rec¸u, le relai envoie un ACK a` s et il commence a` retransmettre le meˆme paquet jusqu’a` ce que d le rec¸oit
ou que le nombre maximal de transmissions Nmax soit atteint. Dans ce cadre, nous nous inte´ressons aux
me´triques de performance suivantes :
• PER
• Efficacite´ du de´bit
• De´lai
Afin d’aborder ces analyses the´oriques, nous commenc¸ons tout d’abord par l’analyse ge´ne´rale de ces
me´triques pour quelques sche´mas HARQ en fournissant des formes ge´ne´rales du PER, du de´lai et de
l’efficacite´ de de´bit. Comme ces expressions ne de´pendent que de la probabilite´ d’erreur a` chaque instant
de transmission, nous donnons une formule ge´ne´rale de la probabilite´ d’erreur a` chaque instant pour les
protocoles HARQ-I et HARQ-CC et aussi pour un type de modulation et un codage donne´ (MCS). De
ce fait, le taux d’erreurs paquet, l’efficacite´ du de´bit ainsi que le de´lai s’en de´duisent.
Ensuite, nous comparons les re´sultats the´oriques obtenus avec des simulations et nous trouvons que
notre analyse the´orique permet de mesurer de manie`re pre´cise les me´triques de performance mentionne´es
ci-dessus.
Pour conclure, la technique de retransmission HARQ-CC avec relayage permet d’avoir les meilleurs
PER, efficacite´ de de´bit et de´lai parmi tous les sche´mas HARQ e´tudie´s. En effet, cette technique utilise
conjointement la combinaison des paquets errone´s et ainsi que le relayage et ainsi une diversite´ tempo-
relle est exploitable. Un autre crite`re de choix lorsque l’on s’inte´resse aux techniques HARQ et le de´lai
induit par les retransmissions. Cependant lorsque le canal varie lentement, le de´lai moyen n’est plus tre`s
pertinent et la probabilite´ de coupure lui est pre´fe´re´e. Ainsi, pour des canaux a` e´vanouissements lents,
le canal peut eˆtre conside´re´ comme gaussien pour une re´alisation, le de´lai moyen est calcule´ dans ce
cadre, et la probabilite´ de coupure de de´lai est calcule´e sous forme exacte en conside´rant la statistique
d’e´vanouissement du canal. Nous montrons que les expressions the´oriques trouve´es constituent de tre`s
bonnes approximations de la probabilite´ de coupure e´value´e en simulations.
Chapitre 4 : Minimisation de la consommation e´nerge´tique dans les
re´seaux cellulaires
Ce chapitre conside`re les aspects e´nerge´tiques dans les re´seaux cellulaires et il se compose de deux
parties :
1. Nous analysons tout d’abord the´oriquement l’efficacite´ e´nerge´tique des sche´mas HARQ-I et HARQ-
CC en conside´rant les communications directes et les communications coope´ratives. Nous trouvons
que la technique de retransmissions HARQ-CC avec relayage est e´nerge´tiquement efficace car elle
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exploite la diversite´ temporelle ainsi que le gain sur l’affaiblissement en espace libre et donc elle
conduit a` une communication robuste avec une faible consommation e´nerge´tique.
2. Nous abordons ensuite un proble`me de minimisation de l’e´nergie dans les re´seaux cellulaires coope´ratifs
en liaison descendante avec multiutilisateurs. Le syste`me est suppose´ avoir adopte´ la technique
HARQ-I et chaque utilisateur a une contrainte de de´lai moyen a` satisfaire sachant que la contrainte
de puissance totale dans le re´seau doit aussi eˆtre respecte´e. La BS est suppose´e avoir seulement
une connaissance des statistiques moyennes du canal mais pas l’e´tat du canal instantane´ (CSI).
A premie`re vue, le proble`me d’optimisation semble difficile a` re´soudre en raison de l’existence des
termes exponentiels et polynoˆmiaux dans la fonction objectif et dans les contraintes. La contribution
de cette partie re´side en trois points : i) Nous re´solvons ce proble`me en introduisant de nouvelles
contraintes et de nouvelles variables afin de le re´soudre efficacement par le proble`me dual, ii) nous
montrons que le proble`me de minimisation de l’e´nergie peut eˆtre facilement exprime´ en fonction de
contraintes quasi-convexes et une fonction objectif affine ce qui conduit a` une solution optimale. En-
suite, nous montrons que la consommation d’e´nergie du syste`me est minimum pour une contrainte
de puissance totale e´leve´e. iii) Enfin, nous proposons un algorithme qui alloue conjointement la
puissance optimale a` la BS et aux relais et qui se´lectionne le relai le plus adapte´ (si la coope´ration
est de´cide´e) a` chaque utilisateur afin de satisfaire la contrainte de de´lai. Les simulations effectue´es
montrent l’ame´lioration en termes de consommation e´nerge´tique des techniques coope´ratives par
rapport a` la transmission directe ou` les utilisateurs ont des contraintes de de´lais.
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Figure 4 – Fig. 4a : L’e´nergie totale consomme´e en joule/bit en fonction de la puissance totale Ptot - Fig. 4b : Le taux
d’utilisateurs sans ressouces en fonction de la puissance totale Ptot. Le nombre d’utilisateurs M = 4 et les utilisateurs ont des
contraintes de de´lai Dm = [1.5 1.5 2.5 2.5] TS (Time slot)
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En utilisant notre algorithme de minimisation de l’e´nergie, les figures 4a et 4b repre´sentent l’e´nergie
moyenne consomme´e en joule/bit dans un re´seau cellulaire qui contient M = 4 utilisateurs en fonction
de la contrainte de puissance totale disponible Ptot en dBm. Les utilisateurs ont des contraintes de de´lai
comme Dm =[ 1.5 1.5 2.5 2.5] slots. Nous comparons alors les sche´mas de communications directes
et coope´ratives qui utilisent les protocoles de retransmissions ARQ simple et HARQ-I. Chaque paquet
contient 102 bits d’information et le taux de codage adopte´ est 1/2 avec un type de modulation BPSK.
On peut montrer que quand Ptot disponible augmente, la consommation d’e´nergie augmente aussi en
raison de la diminution du taux moyen d’utilisateurs sans ressources. A` pre`s de Ptot = 46 dBm, le taux
moyen d’utilisateurs sans ressources s’annule pour les re´seaux de communications directes et coope´ratives
qui adoptent le protocole de retransmission HARQ-I. Cependant, l’e´nergie moyenne consomme´e devient
stable et atteint 0, 44 × 10−3 et 10−3 joule/bit pour respectivement les communications coope´rative et
directe. Ainsi, le re´seau coope´ratif permet d’e´conomiser de plus de 50 % d’e´nergie par rapport a` la
communication directe. Toutefois, en adoptant le protocole ARQ simple, la consommation d’e´nergie des
deux syste`mes est tre`s e´leve´e, car a` Ptot = 50 dBm, la consommation moyenne d’e´nergie est environ
0, 7 × 10−3 et 1, 25 × 10−3 joule/bit pour respectivement les sche´mas coope´ratif et direct avec un taux
d’utilisateurs sans ressources a` 0,2 et 0,12. Ce grand taux d’utilisateurs sans ressources montre qu’il n’y
a pas suffisamment de puissance pour satisfaire tous les utilisateurs.
Par conse´quent, en comparant le protocole ARQ avec HARQ-I, nous pouvons affirmer que la consom-
mation d’e´nergie et ainsi le taux d’utilisateurs sans ressources est beaucoup plus e´leve´. En outre, avec
un sche´ma HARQ-I, moins de puissance est utilise´e pour satisfaire tous les utilisateurs. Cela est duˆ au
codage canal utilise´ par HARQ-I qui augmente la probabilite´ de recevoir correctement le paquet a` meˆme
SNR.
Conclusion
Dans cette the`se, nous avons propose´ des algorithmes d’allocation des ressources efficaces dans les
re´seaux coope´ratifs cellulaires avec multiutilisateurs. Nous avons aussi fourni des analyses the´oriques des
me´triques de performance pour les sche´mas cross-layer. Le travail pre´sente´ dans cette the`se est compatible
avec les demandes de syste`mes de te´le´communications du futur. La contribution de cette the`se repose sur
deux aspects principaux : i) Satisfaire aux exigences de qualite´ de service pour tous les utilisateurs mobiles
avec ii) Une utilisation optimale de la puissance et une consommation e´nerge´tique minimale. Nous avons
fourni une analyse the´orique des me´triques de performance des syste`mes de retransmissions (HARQ) pour
les communications directes et coope´ratives tels que le PER, l’efficacite´ de de´bit, le de´lai de bout-en-bout
et l’efficacite´ e´nerge´tique. De plus, nous avons propose´ une expression analytique de la probabilite´ de
coupure pour le canal a` e´vanouissement lent avec relais. Nous avons e´galement propose´ deux algorithmes
d’allocation des ressources dans les re´seaux cellulaires coope´ratif qui garantissent la qualite´ de service,
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abordant deux aspects i.e. la maximisation du de´bit global et la minimisation de l’e´nergie totale.
Chapitre 1 : Tout au long de ce chapitre, nous avons introduit la communication coope´rative et nous
avons aussi donne´ un bref aperc¸u sur les techniques de retransmission HARQ qui sont incorpore´es dans
les protocoles cross-layer. Nous avons e´galement fourni les me´triques de performance les plus importantes
pour les techniques de communications avec les protocoles HARQ. Nous avons ensuite introduit le mode`le
de consommation e´nerge´tique adopte´ dans ce travail.
Chapitre 2 : Le chapitre 2 s’est focalise´ sur un proble`me d’optimisation des ressources qui a pour but
de maximiser le de´bit total dans un re´seau cellulaire coope´ratif OFDMA. La principale nouveaute´ de ce
chapitre, est qu’un nouvel algorithme d’allocation de ressource a e´te´ propose´. Il optimise conjointement
la puissance a` allouer, attribue des sous-porteuses et se´lectionne un relais pour chaque utilisateur sachant
que la qualite´ de service est assure´e. Par ailleurs, nous montrons que cet algorithme est plus performant
que ceux de la litte´rature existante en termes de de´bit global et aussi par rapport au taux d’utilisateurs
sans ressources.
Chapitre 3 : Dans ce chapitre, nous nous sommes inte´resse´s a` l’e´tude des principaux crite`res de per-
formances des techniques de retransmission HARQ-I et HARQ-CC, i.e. le PER, le de´lai moyen, l’efficacite´
de de´bit, l’efficacite´ e´nerge´tique et aussi la probabilite´ de coupure de de´lai. Nous avons e´galement fourni
une analyse the´orique de la probabilite´ de coupure de de´lai pour les syste`mes coope´ratifs avec HARQ-I
dans des canaux a` e´vanouissement lent, ce qui n’a jamais e´te´ fait dans la litte´rature. Par conse´quent, ces
analyses peuvent eˆtre utilise´es pour e´valuer de manie`re pre´cise et rapide les me´triques de performance
des protocoles cross-layer dans les syste`mes de communication avec relais.
Chapitre 4 : La contribution du chapitre 4 repose sur l’analyse des aspects e´nerge´tiques des protocoles
HARQ dans les re´seaux de communication coope´ratifs. Nous avons tout d’abord analyse´ the´oriquement
l’efficacite´ e´nerge´tique pour diffe´rents protocoles de retransmission HARQ. Ensuite, un proble`me de mi-
nimisation e´nerge´tique dans un re´seau coope´ratif qui adopte la technique HARQ est e´tudie´. Ce proble`me
tient compte des aspects e´nerge´tiques statiques et dynamiques dans la fonction de couˆt et la puissance
totale dans la fonction de contrainte sachant que la qualite´ de service de´signe´e par le de´lai doit eˆtre
garanti pour tous les utilisateurs. La contribution consiste en la proposition d’un algorithme d’allocation
de ressource minimisant le cout e´nerge´tique sous contrainte de de´lai minimal pour les utilisateurs tout en
conside´rant un protocole HARQ et une se´lection optimale de relais.
Perspectives
Il y a encore plusieurs proble`mes ouverts qui pourraient eˆtre aborde´s dans les travaux futurs :
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• L’analyse the´orique des protocoles HARQ suppose que les paquets ACK/NACK soient de´code´s sans
erreurs avec un retard ne´gligeable. Mais en re´alite´, il est possible d’avoir un faux message ACK.
Par conse´quent, il serait important d’examiner l’impact de canaux de retour non fiable.
• L’analyse the´orique des me´triques de performance du syste`me HARQ avec redondance incre´mentale
(HARQ-IR) n’est pas e´tudie´e dans cette the`se. L’e´tude de la probabilite´ d’erreur a` chaque instant
de transmission est une taˆche difficile dans ce cas en raison de la grande complexite´ de la relation
entre le SNR et la probabilite´ d’erreur dans les protocoles de type HARQ-IR. La leve´e de ce verrou
ouvrirait la voie a` l’e´tude du PER, le de´lai moyen, le de´bit et l’efficacite´ e´nerge´tique.
• Dans notre proble`me de minimisation de l’e´nergie, nous avons conside´re´ un mode`le de consom-
mation e´nerge´tique line´aire. Toutefois, cette line´arite´ n’est plus garantie si on tient compte de
la consommation de la partie de traitement nume´rique du signal. Par conse´quent, un mode`le de
consommation e´nerge´tique plus pre´cis dans les proble`mes d’optimisation pourrait eˆtre e´tudie´.
• Les algorithmes d’allocation des ressources propose´s pourraient eˆtre mis en oeuvre sur une plate-
forme expe´rimentale pour e´valuer l’inte´reˆt de l’analyse the´orique en conditions re´elles.
• Dans les re´seaux cellulaires, l’augmentation rapide du nombre d’utilisateurs par cellule et les
de´ploiements de relais peuvent induire des interfe´rences dans les cellules adjacentes. Par conse´quent
proposer des algorithmes efficaces pour re´duire l’interfe´rence dans les sche´mas de retransmission
HARQ pourrait eˆtre un sujet de recherche future.
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Introduction
Context
In wireless communications, high data rate requirement with low energy cost is the main issue that
has never stopped drawing the attention of the scientific community during the past decade. Funda-
mentally, wireless signal experiences small scale fading which is characterized by a random fluctuation
of its amplitude or even large scale fading which is induced by the path-loss and shadowing and have a
severe impact on the average signal power. Therefore, to combat channel fading, the design of reliable
and efficient cross-layer schemes is an essential need.
Recently, it has been shown that cooperative communication is an appealing technique that exploits
spatial diversity in wireless channel. This technique consists of a deployment of a group of intermediate
relays between two communicating nodes that may assist during data transmission or a group of co-
operating transmitting and receiving nodes. Therefore, it enables reliable communications, extends cell
coverage and hence can be considered as an attractive concept for 4G and beyond cellular systems. On
the other hand, the Hybrid-Automatic Repeat-Request (HARQ) mechanism is more and more envisaged
for delay tolerant applications and allows to increase the system diversity by retransmitting each erro-
neous packet until it is correctly received. It also permits to communicate at low transmission power.
Therefore, adopting jointly HARQ protocols with cooperative communications can enhance the efficiency
of future cellular systems.
Typically, the performance of cross-layer scheme is measured in terms of the following metrics: the
packet error rate (PER), average throughput and delay. Therefore, providing a theoretical analysis of
these metrics gives a lower or upper bound on the demanded Quality-of-Service (QoS) and allows to save
simulation time. Moreover, it allows to design efficient resource allocation policies that consider jointly
the physical layer resources and the HARQ mechanisms.
In modern multiuser systems, the major problem of importance is how to optimally allocate the
available resources between users. This is due to the large number of resources which can be shared in
the system, e.g. power, bandwidth, relays, etc. Indeed, the traditional resource allocation policies focusing
on the global throughput maximization, are generally inefficient in terms of energy consumption. These
policies give the priority to users with good channel conditions to access the radio network. Hence, this
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leads us to ask a question: Do these policies are able to support an exponential traffic growth volume?
Therefore, it would be better to guarantee the average data rate requirement for every user rather than
maximizing the global network data rate.
For ecologic and economic reasons, the emphasis of future wireless standards’ efforts is to reduce the
energy wastage on the core network to at least 50 % and also up to 90 % by 2020. This is the ambition of
the European project EARTH 1 and the European research initiative GreenTouch. This waste is induced
from the energy consumption of network equipments and also from the abuse of the available radio
resources. Moreover, the deployment of multihop wireless technology in future cellular networks enables
to communicate over short distances and hence leads the equipments’ energy consumption to have the
same order as that consumed for data transmission. Thereby, considering all these sources of energy
consumption during the scheduling process and incorporating new communication technologies such as
the HARQ with cooperative techniques could be a viable solution for this task.
To meet the cross-layer design criteria, it is of great interest to investigate and propose effective
network management algorithms that reduce energy waste and improve energy efficiency of mobile cellular
systems, without impacting the demanded QoS neither the cell traffic load.
Aim and organization
This dissertation aims to design resource optimization policies in muli-user cooperative networks. In
order to optimally allocate resources, we study two types of resource optimization problems: 1) The sum
rate maximization and 2) the aggregate energy minimization in multi-user cooperative network. Such
policies have to guarantee the QoS and insure an optimal resource assignments between users according
to a prevailing channel sate information (CSI) or channel statistics. In literature, we find a complete state
of the art about the HARQ protocols but the works tackling their performance analytically are rather
few. Hence, we provide a theoretical analysis of several performance metrics of HARQ schemes in fading
channels, such as the PER, average throughput, end-to-end delay and energy efficiency.
This dissertation is organized as follows: chapter 1 provides a state of the art on cooperative tech-
niques and gives a mathematical background for solving optimization problems. Chapter 2 tackles a rate
maximization problem in Orthogonal Frequency Division Multiple Access (OFDMA) multi-user relay-
assisted network. In chapter 3, the performance of several QoS metrics in HARQ relay-assisted network
are theoretically quantified. Chapter 4 deals with the energy efficiency of HARQ relay-assisted networks
and with an energy minimization problem in multi-user context. Finally, a general conclusion and some
perspectives are drawn.
In more details, Chapter 1 shed light on several issues that must be considered on modern communica-
tions. Throughout this chapter, the benefits of relay-assisted networks are presented. Then, we provide a
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brief overview about the HARQ retransmission schemes that are incorporated in cross-layer protocols and
the most prominent performance metrics such as: the PER, throughput, delay and outage probability.
We also focus on the energetic issues by introducing the energy efficiency. Finally, some basic tools for
optimization problems are presented.
The main results of this thesis are summarized as follows:
Chapter 2 concentrates on a throughput maximization problem in multi-user relay-assisted OFDMA
downlink heterogeneous cellular network. In more details, users have different QoS data rate constraints
in bits/s/Hz to be satisfied. The objective and constraint functions are expressed as function of the infor-
mation theoretic capacity, where the global constraints are the total transmission power and bandwidth.
A jointly optimal power allocation, subcarriers and relays assignment algorithm is proposed.
The major contribution of Chapter 3 lies on the theoretical analyses of the performance metrics of
HARQ-I and HARQ-II of type Chase combining in relay-assisted networks. These analyses consider a
practical scenario with a certain modulation and coding scheme (MCS) and finite packet length. The
mostly prominent metrics such as the PER, delay and throughput are tightly derived in closed forms. In
the same chapter and based on the derived delay closed form, the delay outage probability in block fading
channels and relay-assisted decoded-and-forward (DF) HARQ-I based systems is theoretically analyzed.
Finally, Chapter 4 analyzes the energetic issues of HARQ networks. In a first time, the energy
efficiency for different HARQ schemes in relay-assisted network is derived in closed form. Thereafter,
considering a non reliable communication, i.e. non-zero PER, an energy minimization problem in multi-
user relay-assisted downlink cellular networks is also investigated. This problem considers the circuitry
energy consumption in addition to the allocated power in the cost function and the total power in the
constraint function, provided that the QoS constraint designated by the delay is guaranteed for every
user. The base station (BS) is assumed to have only a knowledge about the average channel statistics but
no instantaneous CSI. Finally, an algorithm that jointly allocates the optimal powers at BS and relays
and selects the optimal relay (if cooperation is decided) in order to satisfy the delay constrained users is
proposed.
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CHAPTER
1 State of the Art and Mathemat-ical Background
1.1 Cooperative Communications
1.1.1 General Context
Basically, communication theory dates back to 1948, referring to Shannon’s brilliant paper ”A Math-
ematical Theory of Communication” [4]. This historical achievement has opened a new branch of science
refereed as communication and information theory. In his elegant paper, Shannon introduced the channel
capacity which is an upper bound on the number of transmitted bits that can be reliably sent in wireless
Gaussian noisy channel in a given time duration for a given bandwidth. Thereafter, based on Shan-
non’s capacity, the scientific community started developing this theorem and the data demand started
increasing gradually.
Hence-after, a lot of time and rigorous work have been spent where the main purpose of which was
to boost the channel capacity. It has been shown that Multiple-Input-Multiple-Output (MIMO) can be
considered as an appealing communication technique that promises to meet the data demand requirements
and improve robustness against fading. In their landmark work, Telatar [5] and Foschini [6] have shown
that the capacity of MIMO scheme exceeds the one provided by the Single-Input-Single-Output (SISO).
The penalty price of this scheme is that it adds more complexity at the transmitter and receiver sides
and hence more additional signal processing is needed. But this complexity can be disregarded due to
its capacity gain benefits. The capacity gain of MIMO channels is hence higher if the transmit antenna
elements are spatially uncorrelated otherwise this gain degrades. Thereafter, a great deal of research
effort has been focused on designing the so called space-time block codes (STBC) for MIMO systems. A
simple transmit diversity scheme has been proposed by Alamouti [7] where two complex data streams of
two antenna elements are space-time encoded and transmitted on the same bandwidth. As a result, it
has been shown that this simple scheme achieves full diversity for 2×1 system. A more generic approach
for designing optimal and quasi optimal STBC codes are proposed by Tarokh [8].
At the beginnings of 2000 and based on the MIMO and relaying schemes, Dohler [1] presented a novel
communication technique which allows the deployment of MIMO schemes assuming that the antenna
elements are geographically spaced. His approach allows the mutual communication between mobile ter-
minals to create a virtual MIMO scheme. It is considered that the base station (BS) is equipped with
several antenna arrays in which information data streams for different mobile terminals are space time
encoded and transmitted to mobile terminals. Each terminal decodes its own information data stream
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and relays the other data streams. Thus, this provides additional spatial diversity in the cell. This
innovative concept is termed as Virtual Antenna Arrays (VAAs) [1].
Another excellent work has been exposed in parallel by Laneman [2]. In this framework, Laneman pro-
vided an information theoretic analysis of the outage probability in cooperative wireless networks. The
system protocol is assumed to have several terminals that jointly transmit by means of a distributed
space-time coded scheme. He demonstrated that this protocol achieves a full spatial diversity and can be
efficiently used for higher spectral efficiencies.
Therefore, the aforementioned two baseline works retained a pragmatic approach from the point of view
of system deployment and they could be certainly considered as appealing techniques for higher spectral
efficient schemes. Originally, the idea of cooperation was first suggested by Van de Meulen [9] in 1968.
Thereafter, Cover and Gamal [10] provided a first rigorous information theoretic analysis of the capacity
in non-faded Gaussian relay channel and derived an achievable lower bound of the general relay channel
capacity. In [10], it has been shown that the capacity of relay channel exceeds the one achieved by
the direct scheme. An original work in the area of cooperative communications has been presented by
Sendonarias et al. [11], where the purpose of which is to show that mobile terminals cooperation not only
enhances the channel capacity but also increases the system robustness against fading. Thereafter, the
cooperative diversity for multiple-access fading channels with relaying has been examined by the same
authors in [12,13].
Thereby, based on [1] and [2], many rigorous research topics have developed the idea of cooperative com-
munications due to the offered substantial gains. The mostly important works related to this dissertation
are summarized below.
In multiuser communications, the major important problem is how to optimally allocate resources
between users while guaranteeing certain quality-of-service (QoS). The authors in [14] proposed a cross-
layer scheduling scheme for orthogonal frequency division multiple access (OFDMA) wireless systems
with heterogeneous delay requirements among users. They proposed an algorithm that allows a jointly
optimal power allocation and subcarrier assignment such that the global data rate is maximized. However,
relay-assisted communications were not considered by the authors.
The works related to [15,16] dealt with optimization problems that aim to maximize the total throughput
in multiuser OFDMA decode-and-forward (DF) relay-assisted network. In contrast, the QoS constraint
has not been considered in the optimization procedure.
In [17], the authors studied a multiuser multi-service scheduling scheme in two-hops OFDMA systems.
The power allocation and the joint subcarrier-relay selection are investigated in order to optimize a global
utility function. However, carrying out two algorithms increases the complexity of the resource allocation
procedure. Moreover, the proposed global utility function is built by aggregating several other cost
functions, i.e. rate, delays, jitter and packet loss rate, assuming that they are independent from each other.
In [18], a global throughput maximization problem for cooperative OFDMA systems is investigated. Two
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classes of services are considered, i.e. best effort and rate-constrained services. The authors proposed
a joint relay selection and subcarrier allocation algorithm taking into account heterogeneous service
constraints but without considering power control. In [19], the sum rate maximization in OFDM and
DF relaying scheme has been investigated. However, the multiuser scenario with multiple relays was not
considered and the QoS constraints have not been taken into account. In [20], a power minimization
problem for uplink relay-assisted network has been studied. Each user is assumed to have a target rate
constraint to be satisfied. However, this work did not focus on subcarriers allocation for each user.
Therefore, a resource optimization policy that jointly optimizes power, assigns subcarriers and selects
optimal relays is essential for multiuser QoS aware relay-assisted OFDMA networks.
Since a few years ago, the scientific community has realized that there is a tremendous waste of energy
in the network core [21, 22]. This is due to the increase in the number of nodes that may participate in
data transmission to the same mobile terminal and hence the equipments energy consumption increases.
Moreover, the delay induced from the retransmission mechanism of erroneous packets leads to a higher
energy consumption. Thereby, research started to put its emphasis on how to reduce the aggregate energy
consumed for: data transportation, data generation and data processing at both transmitter and receiver
sides. For ecologic and economic reasons, several works such as EARTH 1 project [21, 22] aim to reduce
the overall energy consumption in a radio access network to at least 50%. Therefore, refining the energy
consumption of the network components and utilizing innovative communication techniques could be a
realistic solution for this task.
Many research topics in literature tried to model the energy consumption of the whole entities in
cellular network. In [23–27], it has been demonstrated that the energy model comprises of two parts:
the static one, consisting of the energy consumed for data processing, cooling, power supply etc and the
dynamic one which is related to the energy consumed for data transmission. Once the energy consumption
of the whole equipments is evaluated, the scheduler optimizes resources by considering these energetic
issues.
Thereafter, several communication schemes enhancing the energy consumption have been proposed:
for instance, femto cells or cell zooming deployment [28–30], cell cooperation [31,32], relay deployment [22]
and BS idling [33–35] etc. These protocols are briefly exposed without providing any energy optimization
policy.
Nowadays, energy minimization under QoS constraint is an important problem which plays a key
role in green cellular communications [36, 37]. The traditional resource allocation policies focus on the
throughput maximization, are generally inefficient in terms of energy consumption [37, 38] and refer-
ences therein. Hence, an important effort has been recently granted toward energy efficient and reliable
communications. In literature, we find works on energy minimization based on information theoretical
approaches [39–41], i.e. considering reliable communications. The design of techniques in multiuser con-
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text to minimize the energy consumption under non reliable communications, i.e. non zero packet error
rate (PER), is a challenging task for the scientific community.
Several works dealing with the energy analysis have been produced in literature. The authors in [40]
investigated the limit of the energy per bit consumption over an additive white Gaussian noise (AWGN)
channel with relay. The authors in [42,43] have dealt with wireless sensor networks (WSN) in which the
energy consumption per node is the first criterion to optimize. In the above references, the authors studied
the energy efficiency and the delay of virtual-MIMO WSN. The authors in [44, 45] analyzed the energy-
delay performance in multi-hop WSN. In these works, the authors provided an analytical framework for
the energy consumption in a network. They derived a Pareto front for the energy delay tradeoff defining
two distinct regions: an achievable energy consumption region for a certain delay constraint and an
unachievable energy consumption region.
In [46], the authors studied the end-to-end throughput and the energy efficiency of opportunistic and
multi-hop routing protocols over linear wireless networks for fixed and optimal transmission rate. In [47]
the authors studied the energy efficiency for cooperative and non cooperative hybrid-automatic repeat
request (HARQ) schemes by minimizing the energy consumed for a single user with outage probability
constraint. In [48], the authors studied the energy efficiency for several relaying schemes with HARQ
under outage probability and delay constraints. It is also convenient to note that an important amount
of work on WSN is provided, in which the energy consumption is of crucial importance [44]. However,
all works above have not considered jointly the resource allocation strategy in multiuser cellular context
with HARQ schemes under QoS constraint. The main challenge comes from the need of a closed-form
expression of the PER with HARQ in order to express the QoS requirements [49].
Henceforth, from the overlying literature, two criteria have to be respected when proposing any
scheduling policy:
• The higher QoS requirement for every user.
• The lower aggregate energy consumption in the whole network.
Therefore, a trade-off between the QoS requirement and the energy consumption exists. Moreover, the
above criteria became essential for future wireless standards which aim to design cross-layer protocols
that optimize the overall available resources and consider jointly the QoS and the energetic issues. In
particular, cooperative communication is considered as an appealing technique that could be utilized to
address these issues.
1.1.2 Cooperative Communications Protocols
According to literature, the relaying protocols can be classified into two families, the transparent and
regenerative relaying protocols [50].
In the transparent relaying, very simple operations are usually performed without any signal process-
ing, for instance, a simple amplification or phase rotation of the received wave form. The most prominent
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protocol belongs to the transparent relaying is the amplify-and-forward protocol (AF).
Amplify and Forward (AF): In this protocol, the detected signal at the relay is amplified, frequency
translated and retransmitted. The amplification factor can be constant or variable. Variable factor
depends on the instantaneous channel state information (CSI) at the relay node. Thus, the main draw-
back of this protocol is that the CSI must be instantaneously available at the relay node. Moreover,
a small channel realization leads to a higher amplification factor, which in turn leads to a strong noise
amplification.
In the regenerative protocols, information stream or waveform samples are modified. Thus, the
immediate price to pay is an increase of the transceiver complexity. However, this complexity is neglected
regarding the enabled performance gain [50]. The most commonly used regenerative protocols in literature
are:
Compress and Forward (CF): This protocol is not yet fully explored in literature. This introduces
some form of source coding on the signal samples at the relay, in which a compressed version of a signal
is sent to the destination.
Decode and Forward (DF): This communication strategy is considered as a very appealing scheme
and a concurrent to AF protocol. The relay captures the transmitted signal by the source, processes it
by demodulation and decoding, regenerates it by re-encoding and modulation, then retransmits it to the
intended destination. It is known to have an optimal performance w.r.t. several metrics, such as error
rate [50].
Because they outperform the transparent relaying protocols, the regenerative protocols are adopted in
this dissertation and more specifically we will dwell on DF protocol since it enables a higher performance
w.r.t. typical metrics such as error rate.
1.1.3 Gains of Cooperative Communications
Being incorporated in future wireless standards [51], cooperative communications certainly enable
several gains compared to the traditional communication schemes. The mostly important gains of which
are listed below:
Path-loss gain: It is inherent by nature that the path-loss has a severe long-term impact on the propa-
gated signal. It has a non-linear behavior w.r.t. the separation distance between the two communicating
nodes. Thus, the received signal-to-noise ratio (SNR) is path-loss dependent. More precisely, the SNR is
inversely proportional to the propagation distance d, i.e.
SNR ∝ 1
dκ
(1.1)
where κ ≥ 2 is the path-loss exponent. Thereby, splitting the transmission path between two communi-
cating nodes into several paths definitely yields to an SNR gain. For instance, assume that n− 1 nodes
1.1. Cooperative Communications 25
d
d
n
d
n
d
n. . .
n timess u
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(n ≥ 2) are deployed along the direct path between the source and destination, fig. 1.1. Hence, this leads
to n hops and the SNR gain associated to this scheme is given by
(p/n)
( dn)
κ + · · ·+ (p/n)
( dn)
κ( p
dκ
) = nκ (1.2)
which enables a gain of 10κ log10(n) ≥ 10κ log10(2) dB. Where p is the allocated power for direct com-
munication. More specifically, for a single-hop network, i.e. n = 2, the path-loss gain is 10κ log10(2)
dB. Hence, from this simple example it is obvious that the path-loss gain is the prime reason of utilizing
relaying communications.
Since it is inspired from the MIMO systems and it is considered as a virtual spatially distributed
MIMO scheme, cooperative communications have certainly diversity and multiplexing gains:
Diversity gain: Deployment of one or several relays between two communicating nodes provides several
copies of the same transmitted signal at the destination, which in turn combats the channel fading. As a
result, a diversity gain is obtained and the probability of having deep channel fading at the destination
decreases. Therefore, the diversity order do is upper bounded by [52]:
do ≤ − lim
SNR→+∞
log2 (P (SNR))
log2(SNR)
(1.3)
where P is the error probability. Asymptotically, if the equality in eq. (1.3) holds, P can be written as:
P (SNR) ∝ SNR−do (1.4)
Assume that only one relay is used, then in addition to direct transmission, another copy of the signal is
provided by the relay and hence the diversity order is do = 2. As a consequence, a power saving of about
3 dB is obtained.
Multiplexing gain: This gain stems from the fact that multiplexing independent data streams at each
transmit antenna element in MIMO scheme yields to a multiplexing gain. As a result, deployment of
several relays and forming a virtual distributed MIMO scheme leads to a multiplexing gain and hence a
26 Chapter 1. State of the Art and Mathematical Background
higher transmission rate R. Thus, the multiplexing gain ro for any system is upper bounded by [52]:
ro ≤ lim
SNR→+∞
R(SNR)
log2(SNR)
(1.5)
Asymptotically, the achievable rate R in bits per channel use is directly proportional to log2(SNR) and
is given by:
R(SNR) ∝ ro log2(SNR) (1.6)
For fast fading channels, the multiplexing gain is defined by ro = min(nt, nr), with nt and nr are re-
spectively the number of transmit and receive antenna elements [50]. Hence, introducing an intermediate
relay and multiplexing data streams at both source and relay, yields to a multiplexing gain of 2 and thus
the communication rate is doubled for a fixed SNR.
1.1.4 Channel Capacity
Direct communication: In his pioneering work, Shannon derived the channel capacity as the maxi-
mum of the mutual information I(X,Y ) between two random variables X and Y . It is defined as [53]:
C = max
pX(X)
I(X,Y ) (1.7)
with pX(X) being the pdf of X.
Consider a Gaussian channel of input random variable X of power p and output Y = X + N , where
N ∼ N (0, σ2) is a zero mean AWGN noise of variance σ2 (average noise power). He showed that the
maximum of (1.7) can be obtained if and only if X is Gaussian too, leading to C = 12 log2
(
1 + p
σ2
)
per
channel use. Moreover, for band-limited signal, the normalized channel capacity is given by:
C = log2
(
1 +
p
σ2
)
bits/s/Hz (1.8)
with p
σ2
being the received SNR.
Consider that a complex symbol X is transmitted over a fading channel with complex coefficient h, then
the received signal Y is:
Y = hX +N (1.9)
For a fixed channel fading h, the channel is AWGN with received SNR = p|h|
2
σ2
. Therefore, the instanta-
neous channel capacity is defined by:
C = log2
(
1 +
p|h|2
σ2
)
bits/s/Hz (1.10)
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Figure 1.2: Relay-assisted scheme
Cooperative communication: Fig. 1.2 depicts a relay-assisted scheme consisting of two communi-
cating nodes s and u and an intermediate relay r that may assist during the data transmission. In this
scheme, each transmitting and receiving node is equipped with single antenna element. A two-hop DF
relaying scheme is adopted and the transmission protocol consists of two phases:
• Phase 1: s transmits a symbol directly to u and the relay r may capture the transmitted information.
• Phase 2: The relay r processes the information data by decoding and re-encoding, then retransmit
to u.
The channel is assumed to be frequency flat and constant during both transmission phases. Consider
that hsd, hsr and hsu, the small-scale complex channel fading coefficients in the s − u, s − r and r − u
links respectively. Moreover, plsu , plsr and plru being respectively their associated path-loss coefficients.
We assume an AWGN nr ∼ CN
(
0, σ2r
)
at the relay r and nu ∼ CN
(
0, σ2u
)
at the mobile user u.
The received signals at u and r in the first time slot are respectively:
y1su =
√
p1supl1suh1sux1su + nu, (1.11)
y1sr =
√
p1srpl1srh1srx1sr + nr, (1.12)
where x1su (x1sr) being the transmitted symbol from s to u (r) in the first time slot. Moreover p1su (p1sr)
is the allocated power in the s− u (s− r) link.
In the second time slot, the received information at u due to s or r transmissions are respectively:
y2su =
√
p2supl2suh2sux2su + nu, (1.13)
y2ru =
√
p2rupl2ruh2rux2ru + nu. (1.14)
where x2su (x2ru) is the transmitted data symbol from s to u (r to u) in the second slot. Moreover, p2su
(p2ru) is its associated allocated power. Since the channel realization is constant over two time slots, we
have h1su = h2su = hsu and psu = p1su = p2su . Hence, the achievable data rate between s and u is:
Csu = log2(1 + gsupsu), (1.15)
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where gsu =
|hsu|2plsu
σ2u
being the channel gain in the s− u link. Moreover, if the source s uses the relay r,
the achievable data rate at r in the first time slot is:
C1sr = log2(1 + g1srp1sr), (1.16)
where g1sr =
|h1sr |2pl1sr
σ2r
is the channel gain in the s− r link . Moreover, the data rate experienced by the
user u due to r − u link can be written as:
C2ru = log2(1 + g1sup1su + g2rup2ru), (1.17)
where g1su =
|h1su |2pl1su
σ2u
and g2ru =
|h2ru |2pl2ru
σ2u
are respectively the channel gains in the s− u and r − u
links. Since two time slots are needed to decode the sent information through the relay, the reliable
achievable data rate at u is [54]:
1
2
min {C1sr , C2ru} bits/s/Hz (1.18)
Therefore, the above capacity derivations for direct and relay-assisted schemes consider that the commu-
nication in each link is reliable, i.e. if the transmission rate is less than the maximum achievable rate
(capacity), then each receiving node is able to decode successfully the transmitted information.
1.2 Cross-layer Protocols
Satisfying higher QoS and maintaining lower energy consumption are the main key performance
indicators (KPIs) for designing wireless networks. Moreover, creating diversity in wireless network may
combat the channel fading and enhance the system QoS.
Recently, it has been demonstrated that HARQ are very appealing protocols that induce a temporal
diversity. These protocols combine the FEC (Forward error correction) coding with the retransmission
mechanism and can achieve higher system performance at low SNR with only an acknowledgment (ACK)
feedback from the receiver side. Moreover, cooperative communications have exhibited the gains provided
by the MIMO systems. Therefore, it is of great interest to jointly incorporate cooperative communications
and HARQ schemes in cross-layer protocols to satisfy the above KPI requirements.
Hybrid-ARQ Retransmission Protocols
As well documented throughout literature, there exists a whole gamut of HARQ retransmission
schemes depending on the transmitter and receiver side processing. The mostly prominent HARQ pro-
tocols are listed below:
Simple ARQ: In this retransmission mechanism, each transmitted packet is constituted of the infor-
mation bits and the CRC header (Cyclic Redundancy Check). The transmitter sends a data packet and
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waits for the ACK message from the receiver side. If the data packet has been successfully decoded, a
positive ACK is sent by the receiver and another MAC packet is transmitted. Otherwise, a negative ACK
(NACK) is sent. For each NACK, the transmitter retransmits the same packet and the retransmission
mechanism continues until the maximum number of allowed retransmissions Nmax is achieved.
HARQ-I: This HARQ scheme incorporates the forward error correction (FEC) with the retransmis-
sion mechanism, where each retransmitted packet containing the CRC header is encoded with a coding
rate R0. The principle of this retransmission protocol is the same as the simple ARQ. Moreover, it
depends on the coding rate R0 and the chosen FEC, e.g. convolutional, turbocode, LDPC codes, etc.
The main drawback of this scheme is that the redundancy bits are added at each retransmitted packet
and hence a lower throughput and higher energy consumption are induced. For instance, under good
channel conditions, i.e. high SNR, the throughput of this system achieves R0 fraction of the throughput
realized by the simple ARQ, since for each packet redundancy bits are added due to the FEC. Fig. 1.3
illustrates the retransmission protocol refereed to HARQ-I. The protocol concept was termed as HARQ-I
since hybrids due to FEC are added to each retransmitted packet.
Since the simple ARQ and HARQ-I have limited performances, more sophisticated HARQ schemes
have been proposed. These schemes are termed as HARQ-II and the most prominent protocols are
introduced below:
HARQ-CC: The idea of this retransmission mechanism has been introduced in [3]. The concept
was termed as HARQ of type Chase combining (HARQ-CC). In this scheme, each transmitted packet
constituted of the CRC header is encoded by an FEC of rate R0. In the first transmission attempt, the
receiver processes and decodes the packet, then it checks the CRC header. If the packet is successfully
decoded, a positive ACK is sent to the transmitter. Otherwise, a NACK is sent and the incorrect received
packet is stored in a buffer rather than dropped. Thus, the same packet is retransmitted and at the receiver
side, it is combined with the previously erroneous packet by means of maximum ratio combing (MRC)
or softly combined by adding LLRs (Log-likelihood ratios) of the same bit, then it enters the decoding
process. This retransmission mechanism continues until the packet is successfully decoded or Nmax is
achieved. Therefore, for a packet of L information bits, the transmission rate of the same packet at the
instant n is R0
L
n . The main advantage of this scheme, is that each retransmitted packet experiences a
temporal diversity and thus additional information for each bit is added before being decoded. Hence, this
enables an increase in the probability of correct decision. A general scheme for HARQ-CC retransmission
protocol is depicted in Fig. 1.4 for Nmax = 3.
HARQ-IR: The protocol concept of this scheme is termed as HARQ of type incremental redundancy
(HARQ-IR). It is considered as the most sophisticated HARQ protocol since a specific coding scheme
must be incorporated with the retransmission mechanism. In this process, a CRC header is added to
each L information bits and the resultant data packet is encoded by a rate-compatible punctured FEC
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Figure 1.3: HARQ-I retransmission protocol where R0 is the used coding rate
encoder that generates a systematic mother code of rate R0. By mean of a systematic puncturer, this
mother code is split into Nmax sub-codes, each of L(n) bits to be associated to the n-th retransmission
instant. Thereby, the retransmission mechanism of this HARQ protocol is described as follows:
In the first transmitted packet, the information packet and some redundancy bits with the CRC header
are sent. By passing through the noisy and fading channel toward the receiver side, the MAC packet is
processed, depunctured and decoded (the puncturing method is known at the receiver), then the CRC
header is checked. Thus, if the information packet has been successfully decoded, an ACK is sent to the
transmitter and another packet is transmitted. If the decoder fails to extract the correct information, it
stores this packet and sends a NACK packet to the transmitter that begins the retransmission process.
In contrast to the HARQ-CC, the HARQ-IR starts retransmitting redundancy bits to the receiver
rather than retransmitting the same packet. These redundancy bits have to be combined with the
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Figure 1.4: HARQ-CC retransmission protocol for Nmax = 3. Each retrans-
mitted packet is combined with the previously erroneous packets
previously stored packets. This scenario continues until Nmax is reached or the packet is correctly decoded.
Hence, at each retransmission instant, the coding rate decreases (for instance, the coding rate at the
instant n becomes L∑n
i=1 L(i)
) and the decoding capability at the receiver side increases. This technique
is more throughput efficient compared to aforementioned HARQ schemes since only redundancy bits are
transmitted if required. In Fig. 1.5, the HARQ-IR process is depicted for Nmax = 3, where at each instant
redundancy bits are added to the information packet. The main drawback of the HARQ-IR is that if the
first packet was in deep fading then it will be lost and hence the retransmitted redundancy bits will not
help to successfully decode the information packet. Furthermore, it depends on the utilized puncturing
method and the number of retransmissions of this scheme depends on the code length. Another technical
inconvenience of this scheme is that at each retransmission instant, the code length increases and thus a
big buffer is needed at the receiver side.
Several families of rate-compatible punctured codes have been designed and could be useful for the
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Figure 1.5: HARQ-IR retransmission protocol for Nmax = 3. Each retransmit-
ted redundancy packet is added to the previously erroneous packets
HARQ-IR scheme, for instance, [55–57] for rate compatible punctured convolutional codes (RCPC), [58]
for punctured turbocodes, [59–61] for LDPC codes.
HARQ-III: In this scheme, the HARQ-CC and HARQ-IR are jointly used in the retransmission
mechanism. HARQ-III uses the HARQ-IR in the first n retransmissions and at the instant n + 1 the
retransmission scheme flips to HARQ-CC.
It is worthwhile to mention that in this dissertation, we restrict our analysis on the HARQ at the
MAC packet level and more specifically on the HARQ-I and HARQ-CC protocols. In literature it could
be found the analysis of HARQ schemes at the IP packet level (each IP packet contains several MAC
packets). A more detailed recent and rigorous description of all HARQ schemes can be found in the
dissertation [62] and [49].
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1.3 Performance Metrics of Wireless Systems
Channel capacity: The channel capacity C is an information theoretic QoS. It is an upper bound
on the achievable data rate in bits/s/Hz that can be reliably transmitted over a wireless noisy channel.
Channel capacity has been adopted in several resource allocation policies, where optimization problems
are expressed as function of it. For a pre-known CSI, the scheduler adapts the sufficient power and also
assigns for every user certain number of subcarriers, time slots, and selects the optimal path (in multi-hop
networks), such that the QoS is satisfied.
In principle, this generic approach can be justified by assuming that there exists some capacity
approaching codes, such as LDPC codes or turbo-codes.
Packet Error Rate: The packet error rate (PER) is one of the most prominent performance metrics in
wireless system. It is the probability that an error occurs due to bursty channel noise or to a deep fading
that may occur. If at least only one bit is in error then the whole packet is dropped. Assuming that the
instantaneous PER for any MCS over AWGN channel is defined as P (γ) with γ being the instantaneous
SNR. Then, the average PER is defined as:
PER =
∫ ∞
0
P (γ)pγ(γ)dγ (1.19)
where pγ(γ) being the probability density function (pdf) of γ.
Average Delay: Delay or latency is another important KPI in wireless systems. It is induced from
the retransmission mechanism of erroneous packet due to non-reliable communications. At the MAC
level, the average delay is defined as the average number of round-trips consumed per transmitted MAC
packet. It is measured in time slots (TSs) or in seconds and each transmitted packet has a fixed number
of retransmissions Nmax. Therefore, the average end-to-end delay N t between two communicating nodes
can be expressed as:
N t = lim
τ→∞
(
1
τ
) τ∑
k=1
N(k) TS (1.20)
where N(k) ≤ Nmax ∀k being the instantaneous delay induced from the k-th transmitted packet.
Throughput Efficiency: Once the error probability at any retransmission instant is calculated, the
throughput efficiency (ηT ) can be deduced. This quantity gives an insight on how much successful deliv-
ered information bits per certain quantity of transmitted bits using particular retransmission mechanism.
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Hence, ηT can be defined as:
ηT ,
Total number of successfully received bits
Total number of transmitted bits
(1.21)
Another alternative definition of ηT is provided according to reward theorem [63]:
ηT =
E [R]
E [B] (1.22)
where R is the random reward equals to L bits for successfully decoded packet and zero for decoding
failure. Moreover, B denotes the number of transmitted bits between two successfully received packets.
Thus, ηT can be re-written as:
ηT =
L(1− PER)
E [B] (1.23)
Outage probability: The outage probability P(O) is by definition, the probability that a given function
f(γ) of continuous random variable γ is below or exceeds certain threshold θ. If the channel does not
vary quickly, then the temporal average of the random process is not equal to its statistical mean and
hence the outage probability is preferred. Therefore, the outage probability of f(γ) is defined as:
P(O) , Pr(f(γ) ≶ θ) (1.24)
with Pr(.) designates the probability operator.
Energy efficiency: Of augmenting importance is to quantify the energy efficiency (ηE) for a given
communication scheme. It is defined as the average number of successfully received bits over the total
energy consumed and its unit of measure is bits/joule. Hence, ηE is defined as:
ηE ,
Average number of correctly received bits
Average energy consumed
bits/joule (1.25)
Recently, the energy efficiency has been introduced in cross-layer schemes as new QoS metric and consid-
ered as a design criterion of wireless systems [22]. It is well known that ηE is time and power dependent.
Therefore, the average delay due to the retransmission mechanism has an impact on this quantity. More-
over, the spatial diversity gain offered by the relaying schemes certainly decreases the transmission power
in wireless links. Hence, it would be important to analyze the energy efficiency in HARQ relay-assisted
schemes. However, the impact of terminals’ energy consumption has to be considered. It comprises of
the circuitry energy consumption at the transmitter and receiver sides [22]. This issue is of particular
importance in future wireless systems where the distances between terminals are becoming smaller and
hence the circuitry energy consumption has the same order or greater than the energy consumed for data
1.4. Energy Consumption Model 35
transmission.
1.4 Energy Consumption Model
Generally, the consumed energy at the transmitter side Etx stems from two sources: the first source
of energy consumption is due to RF signal generation, which is mostly dependent on the number of
generated bits in a packet, the adopted MCS and also the allocated power for data transmission Pt.
The second source of energy consumption is due to the circuitry electronic components, i.e. filters and
amplifiers etc. This energy cost is assumed to be fix. Therefore, the consumed energy at the transmitter
side Etx is quantified as follows [45,64]:
Etx =
L
RbR0
. (Ptx + βamp.Pt) (1.26)
where L is the number of information bits in a packet. R0 and Rb are respectively the coding and
modulation rates. Ptx and βamp are respectively the circuitry power and the amplification factor at the
transmitter side [45,64].
At the receiver side, the consumed energy Erx depends also on the modulation and coding rates and
the circuitry energy consumption:
Erx =
L
RbR0
.Prx (1.27)
where Prx is the circuitry power at the receiver side.
The decoding energy consumption is neglected since it is complicated to be modeled. However, it has
certainly an effect on the consumed energy since iterative algorithms are usually used in the decoding
strategy, e.g. LDPC, turbocodes.
In order to announce the correct or failure reception of data packet, an ACK packet is sent from the
receiver to transmitter side. Hence, an additional energy is consumed at both the transmitter that gener-
ates an ACK packet and the receiver that processes it. Therefore, the consumed energy for transmitting
an ACK packet EACK is defined as [45]:
EACK = τack.(Etx + Erx) (1.28)
with τack =
Lack
L being the ratio between the number of bits in an ACK packet Lack and the number of
bits in a data packet L.
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Henceforth, the aggregate consumed energy Eag for one data packet round-trip is given by:
Eag = Etx + Erx + EACK
=
L(1 + τack)
RbR0
· (Ptx + Prx) + L(1 + τack)
RbR0
· βamp.Pt
(1.29)
Thereby, it is worthwhile to recognize that the energy consumption model in (1.29) is a linear function
w.r.t. Pt and consists of two parts: the first is static, which depends on the circuitry power Ptx, Prx and
the adopted transmission scheme. The second is dynamic, which depends on the allocated power Pt and
the used MCS.
1.5 Mathematical Optimization Tools
1.5.1 Standard Form
An optimization problem can be written in standard form as follows [65]:
minimize
x
f0(x)
subject to: fi(x) ≤ 0 ∀i = 1, · · ·m
hi(x) = 0 ∀i = 1, · · · p,
(1.30)
where the aim of which is to find an optimization vector x ∈ Rn that minimizes the objective or the cost
function f0(x). Moreover, x must satisfy the inequality constraints fi(x) ≤ 0 for all i = 1, · · · ,m and
the equality constraints hi(x) = 0 for all i = 1, · · · , p. Therefore, the optimization variable x ∈ D, where
D is defined as:
D =
m⋂
i=0
Dfi ∩
p⋂
i=1
Dhi , (1.31)
with Dfi and Dhi designate respectively the domains of the functions fi and hi. Hence, the problem in
(1.30) is feasible if there exists x ∈ D such that fi(x) ≤ 0 for all i = 1, · · · ,m and hi(x) = 0 for all
i = 1, · · · , p. Otherwise this problem is infeasible. Thus, the optimal value of (1.30) is defined as:
q∗ = inf {f0(x)|fi(x) ≤ 0, i = 1, · · · ,m, hi(x) = 0, i = 1, · · · , p} (1.32)
1.5.2 Optimal Solution
Generally, an optimization problem has no analytic solution. However, for convex problems, it can
be certainly known that the obtained solution is optimal. Therefore, a problem is said to be convex if
and only if the following optimality conditions are satisfied:
• The objective function f0(x) must satisfy the convexity property
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Figure 1.6: A convex function f
• The inequality constraint functions are convex
• The equality constraints must also preserve the convexity property
Convexity property(1): A function f(x) : Rn → R is said to be convex if the following condition is
satisfied:
f(λx+ (1− λ)y) ≤ λf(x) + (1− λ)f(y) (1.33)
∀ x, y ∈ Rn and 0 ≤ λ ≤ 1.
Geometrically, the above property means that the line segment between (x, f(x)) and (y, f(y)) lies above
the function f for any x 6= y and 0 < λ < 1 (See fig. 1.6 for one dimensional function).
Convexity property(2): Suppose that f(x) is twice differentiable, hence the Hessian of f at x, ∇2f(x)
is written as:
∇2f(x) =

∂2f
∂2x1
∂2f
∂x1∂x2
· · · ∂2f∂x1∂xn
∂2f
∂x2∂x1
∂2f
∂2x2
· · · ∂2f∂x2∂xn
...
...
. . .
...
∂2f
∂xn∂x1
∂2f
∂xn∂x2
· · · ∂2f
∂2xn

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Therefore f(x) is convex if and only if D is convex and its Hessian is semi-definite, i.e. ∇2f(x)  0 for
all x ∈D [65].
It is worthwhile to notice that if ∇2f(x)  0 for all x ∈D, then the function f is a concave function, i.e.
−f is convex. Furthermore, the optimal solution of (1.30) can be obtained if the optimality conditions
on the objective and constraint functions are satisfied.
Now, let us consider that the optimality conditions on the optimization problem are satisfied. The
Lagrangian associated to (1.30) L : Rn×Rm×Rp → R can be written as a weighted sum of the constraint
functions as follows:
L(x,µ,ν) = ∇f0(x) +
m∑
i=1
µifi(x) +
p∑
i=1
νihi(x) (1.34)
with µi and νi being the Lagrange multipliers related respectively to the constraints fi(x) and hi(x).
Moreover µ = [µ1, · · · , µm]T and ν = [ν1, · · · , νp]T are the Lagrange multiplier vectors. The Lagrange
multipliers signify the importance of the constraint functions, for instance, if any Lagrange multiplier
equals to zero then the constraint related to this multiplier is neglected. Moreover, as it increases, the
constraint function becomes more important. Therefore, the optimal solution of the optimization problem
in (1.30) is obtained if there exists (x∗,µ∗,ν∗) such that the following conditions are satisfied:
fi(x
∗) ≤ 0, i = 1, · · · ,m
hi(x
∗) = 0, i = 1, · · · , p
µ∗i ≥ 0, i = 1, · · · ,m
µ∗i fi(x
∗) = 0, i = 1, · · · ,m
∇L(x∗,µ∗,ν∗) = 0,
The above conditions are termed as Karush-Kuhn-Tucker (KKT) conditions.
1.5.3 Lagrange Dual Optimization
The idea of the Lagrange duality is to take the Lagrangian function L in (1.34) and transform the
optimization problem into a non constrained one. In this case, the vectors µ = [µ1, · · · , µm]T and
ν = [ν1, · · · , νp]T are termed as Lagrange dual variables. We define the Lagrange dual function g as the
minimum of the Lagrangian function over x:
g(µ,ν) = inf
x∈D
L(x,µ,ν) (1.35)
Since g(µ,ν) is an affine function w.r.t. (µ,ν), then it is concave even if the optimization problem in
(1.30) is not convex. Hence, for any µ ≥ 0 and any ν, the dual function g is a lower bound of the optimal
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solution q∗:
g(µ,ν) ≤ q∗ (1.36)
Therefore, the optimization problem in (1.30) is equivalent to:
sup
(µ,ν)
g(µ,ν) = sup
(µ,ν)
inf
x∈D
L(x,µ,ν) (1.37)
Hence (1.37) is called a dual problem, where the aim of which is to find (µ∗,ν∗) that minimizes the duality
gap dg = g(µ
∗,ν∗)− q∗. Moreover, if the optimization problem is convex, then the optimal solution can
be obtained (i.e. dg = 0) by solving directly the dual problem in (1.37).
1.6 Conclusion
This chapter covered the basic materials utilized in this dissertation. We started by introducing the
existing literature related to our work. We shed light on innovative techniques that could be beneficial
for modern communications. We figured out that cooperative communications could be an appealing
technique for future communication standards. This is due to the substantial gains it offers this scheme,
i.e. spatial and diversity gains.
We realized that QoS and energy consumption issues must be jointly considered when designing cross-
layer concepts. Since, it is well known that communication over short multi-hops enhances the data
service. In the other hand, increasing the number of cooperating nodes in the cell may lead to an energy
waste. Therefore, novel resource optimization policies that jointly optimize the energy consumption and
consider the demanded service are essential for wireless systems.
Throughout this chapter, we gave a brief overview about the HARQ retransmission schemes that are
incorporated in cross-layer protocols. We also provided the most prominent performance metrics for
communication schemes with HARQ protocols. With this in mind, we focused on the energy consumption
by introducing another performance metric which is the energy efficiency. Finally, some basic tools for
optimization problems are presented.
CHAPTER
2 Resource Allocation for QoSAware Relay-Assisted OFDMA
Cellular Networks
2.1 Introduction
Since the first works on cooperative concepts for wireless communications at the beginning of the
century [1, 54, 66], cooperative communications for wireless cellular systems have never stopped drawing
the attention of the scientific community during the past decade [67]. Indeed, the promise of higher data
rates, lower bit error rates (BER) or coverage enhancement makes this concept attractive for 4G and
beyond cellular systems. The efforts were first mainly dedicated to obtain general performance bounds on
capacity, error and outage probabilities for two-hop AF or DF relaying schemes [54,66,68] and references
therein.
The resource allocation problem in relaying systems is a particularly difficult issue due to the large
number of resources which can be shared in the system, e.g. power, subchannels, relays, etc. In this
chapter, we consider a single-cell network using OFDMA scheme as well as multiple fixed relays facilitating
the communication between the BS and the mobile stations (MS). We are interested in finding a jointly
optimal resource allocation policy that allocates optimal power, assign subcarriers and propose a relay
selection strategy in order to maximize the global data rate while keeping a low starvation rate for the
users. Indeed, the maximization of the global throughput often leads to starve users without sufficiently
good channel conditions. The network is assumed to be constrained in power, bandwidth and also each
user has a rate constraint to be satisfied. To the best of our knowledge, there is no work that addresses
a jointly optimal power, subcarrier and relay allocation in OFDMA cellular systems with DF relaying
scheme, under data rate constraints.
2.2 System Model
We consider a downlink cellular network consists of a BS, K relay stations (RS) rk with k ∈ {1, · · · ,K}
and M mobile users um with m ∈ {1, · · · ,M}. A two-hop DF relaying technique is adopted as depicted
in Fig. 2.1. We consider an OFDMA system with NF orthogonal subcarriers that can be shared between
users. The relay-assisted communication can be decomposed in two phases:
• Phase 1: BS transmits some subcarriers of the OFDMA symbol directly to users and some others
to selected RSs that will assist users in the second transmission phase.
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• Phase 2: Selected RSs transmit the received subcarriers to users that need assistance.
On the n-th subcarrier, the instantaneous channel coefficients between the BS and the m-th mobile
user, the BS and the k-th RS, the k-th RS and the m-th mobile user are respectively hn1,0m, h
n
1,0k, h
n
2,km
for the small-scale fading and ln1,0m, l
n
1,0k, l
n
2,km for the pathloss effect. Moreover h
n
i,km ∼ CN (0, 1) and
the subscript 0 denotes the base station. Moreover, we assume an AWGN on the n-th subcarrier at the
relays such as nnr ∼ CN
(
0, σ2r
)
and at the mobile stations such as nnm ∼ CN
(
0, σ2m
)
. The channel is
assumed to be invariant during both transmission phases i.e. i = 1, 2, which is a reasonable assumption
for slow moving users and hence the instantaneous channel state information (CSI) of all relays and users
are assumed to be known at the base station. The cell radius is equal to R and the relays are located
around the BS each at a distance R/2.
n
k0,1g
n
km,2g
n
m0g
mu
kr
BS
Figure 2.1: System model: Multi-user
OFDMA cooperative cellular network
Let us consider a transmission between BS and the user m on the subcarrier n (as in fig. 2.1). In the
first time slot, the received signal at the user m or at the relay k are respectively expressed by:
yn1,0m =
√
pn1,0ml
n
1,0mh
n
1,0mx
n
1,0m + n
n
m, (2.1)
yn1,0k =
√
pn1,0kl
n
1,0kh
n
1,0kx
n
1,0k + n
n
r , (2.2)
where xn1,0m, (x
n
1,0k) is the transmitted data symbol from the BS to the m-th user (k-th relay) on the n-th
subcarrier in the first time slot. Moreover pn1,0m (p
n
1,0k) is the power on the n-th subcarrier on the link
BS-MS (BS-RS respectively). In the second time slot and the n-th subcarrier, the received information
at the user m due to the relay transmission or due to the direct transmission are given by:
yn2,0m =
√
pn2,0ml
n
2,0mh
n
2,0mx
n
2,0m + n
n
m, (2.3)
yn2,km =
√
pn2,kml
n
2,kmh
n
2,kmx
n
2,km + n
n
m. (2.4)
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Where xn2,km (x
n
2,0m) is the data symbol on the n-th subcarrier transmitted from the k-th relay to the
m-th user in the second time slot (respectively from the BS to the m-th user), while pn2,km (p
n
2,0m) is the
allocated power to the n-th subcarrier for the RS-MS link (BS-MS respectively), in the second time slot.
Since the channel is constant over two time slots we have hn1,0m = h
n
2,0m = h
n
0m and p
n
0m = p
n
1,0m = p
n
2,0m.
The achievable data rate between BS and the user m in the direct link is:
Cn0m = log2(1 + g
n
0mp
n
0m), (2.5)
where gn0m = |hn0m|2ln0m/σ2m. If the BS uses the relay k, the achievable data rate at relay k in the first
time slot is expressed as:
Cn1,0k = log2(1 + g
n
1,0kp
n
1,0k), (2.6)
where gn1,0k = |hn1,0k|2ln1,0k/σ2r . The data rate experienced by the user m due to the RS-MS hop can be
written as:
Cn2,km = log2(1 + g
n
2,kmp
n
2,km + g
n
1,0mp
n
1,0k), (2.7)
where gn2,km = |hn2,km|2ln2,km/σ2m and gn1,0m = |hn1,0m|2ln1,0m/σ2m. Since two time slots are needed to decode
the information sent through a relay, the achievable data rate of the user m is [54]:
1
2
min
{
Cn1,0k, C
n
2,km
}
(2.8)
By using the relay-assisted mode, the data rate at user m is maximum if
Cn1,0k = C
n
2,km (2.9)
Let us denote pnkm the overall power consumed in both phases, it can be expressed as a function of p
n
1,0k
and pn2,km:
pnkm = p
n
1,0k + p
n
2,km (2.10)
Inserting (2.10) in (2.9), pn1,0k and p
n
2,km can be expressed w.r.t. p
n
km as follows:
pn1,0k =
gn2,km
gn1,0k + g
n
2,km − gn0m
pnkm, (2.11)
pn2,km =
gn1,0k − gn0m
gn1,0k + g
n
2,km − gn0m
pnkm, (2.12)
where gn1,0k > g
n
0m. The equivalent channel gain g
n
km between the BS and the user m using the relay k
can be expressed as:
gnkm =
gn2,kmg
n
1,0k
gn1,0k + g
n
2,km − gn0m
. (2.13)
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max
s,p
K∑
k=0
M∑
m=1
NF∑
n=1
snkmC
n
km (2.16)
subject to:
(c1)
K∑
k=0
M∑
m=1
NF∑
n=1
snkmp
n
km ≤ Ptot
(c2)
K∑
k=0
NF∑
n=1
snkmC
n
km ≥ ρm ∀m ∈ {1, · · · ,M}
(c3)
K∑
k=0
M∑
m=1
snkm = 1 ∀n ∈ {1, · · · , NF }
(c4) s
n
km ∈ {0, 1} ∀(k,m, n)
(c5) p
n
km ≥ 0 ∀(k,m, n)
Hence, the maximum achievable rate over the n-th subcarrier can be expressed in terms of gnkm and p
n
km:
Cnkm =
1
2
log2(1 + p
n
kmg
n
km) ∀k = 1 . . .K. (2.14)
According to eqs. (2.5) and (2.14), the achievable rate on the subcarrier n, under direct or indirect
transmission can be written as:
Cnkm =
(1 + δ(k))
2
log2(1 + p
n
kmg
n
km) ∀k = 0, · · · ,K, (2.15)
where δ(k) is a Dirac operator which equals to one if and only if k = 0.
2.3 Problem Formulation and Solution
According to the instantaneous CSI and the required QoS, the MAC layer performs the scheduling
for the downlink transmission by allocating the power, subcarriers and relays for every user that needs
assistance, in order to maximize the global data rate. The aim is hence to solve the data rate maximization
problem under total power and rate constraints by jointly allocating the power, subcarriers and relays
for each downlink transmission.
2.3.1 Problem Formulation
The resource allocation problem can be formulated as in (2.16). Where snkm is the subcarrier allocation
index. If snkm = 1, the subcarrier n is allocated to the link k-m and no subcarrier is allocated to the
link if snkm = 0, i.e. constraint (c4). The expression in (c1) formulates the overall power constraint Ptot
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on the whole cell, i.e. the consumed powers at all RSs and BS. The constraint (c2) ensures that the
overall achievable rate for each user m must be above or equal to its rate constraint ρm in bits/s/Hz. The
constraint (c3) states that the subcarrier n is dedicated only to one user and one relay. The constraint
(c5) implies that the allocated power on the subcarrier n must be positive.
For each CSI matrix G = [gnkm]K×M×NF , this optimization problem aims to allocate an optimal power
matrix P = [pnkm]K×M×NF and assign a binary matrix S = [s
n
km]K×M×NF such that the rate constraint
vector ρ = [ρ1, · · · , ρM ]T and the total power constraint are satisfied.
2.3.2 Problem Convexity and Optimal Solution
Problem Convexity: The above problem is a combination of a continuous optimization and an in-
teger programming problem. It cannot be solved with a computationally efficient algorithm due to its
combinatorial nature. However, by relaxing the constraint associated to the integer variable snkm, i.e.
(c4), by considering that 0 ≤ snkm ≤ 1, this problem can be solved [14]. Moreover, considering a change
of variable p¯nkm = s
n
kmp
n
km [14], the cost function of this problem is a sum of functions that each has the
following form:
g(x, y) = x log
(
1 +
y
x
)
, (2.17)
where g(x, y) is called the perspective function of log(1 + x). Since log(1 + x) is a concave function, then
g(x, y) is also a concave function [65, pp. 89] as it can be noticed in fig. 2.2. Moreover, the cost function
of this optimization problem is a sum of concave functions which remains a concave function. By the same
methodology, the constraint function (c2) can be proved to be also a concave function ∀m ∈ {1, · · · ,M}.
Moreover, the constraints (c1) and (c3) are affine functions. Thus, this problem is a convex optimization
problem and an optimal solution can be obtained.
Optimal Solution: Since the optimization problem in (2.16) is convex, taking the gradient of the
Lagrangian function L w.r.t. p¯nkm, snkm and writing the KKT conditions [65], this problem can be solved
efficiently. The Lagrangian function L associated to this problem can be expressed as:
L =
M∑
m=1
(1 + γm)
K∑
k=0
NF∑
n=1
snkm
1 + δ(k)
2
log2
(
1 +
p¯nkmg
n
km
snkm
)
− µ
(
K∑
k=0
M∑
m=1
NF∑
n=1
p¯nkm − Ptot
)
−
M∑
m=1
γm
K∑
k=0
NF∑
n=1
ρm
+
NF∑
n=1
αn
K∑
k=0
M∑
m=1
(snkm − 1),
(2.18)
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Figure 2.2: Concavity of the function g(x, y)
where µ, γ = [γ1, · · · , γM ]T and α = [α1, · · · , αNF ]T are the Lagrange multiplier vectors related respec-
tively to the constraints (c1), (c2) and (c3).
Moreover, the KKT conditions associated to the above optimization problem are:
µ
(
K∑
k=0
M∑
m=1
NF∑
n=1
p¯nkm − Ptot
)
≤ 0,
γm
(
ρm −
K∑
k=0
NF∑
n=1
snkm
1+δ(k)
2 log2
(
1 +
p¯nkmg
n
km
snkm
))
≤ 0, m = 1, · · · ,M
γm ≥ 0, m = 1, · · · ,M
µ ≥ 0,
∇L = 0,
Therefore, applying the gradient of L w.r.t. p¯nkm, we get the following:
∇p¯nkmL =
1
2s
n
km(1 + δ(k))(1 + γm)
gnkm
snkm
1 +
gnkm
snkm
p¯nkm
− µ (2.19)
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for n = 1 : NF
(k,m)∗=arg max
(k,m)
(1+δ(k))(1+γm)
2
[
log2
(
(1+δ(k))(1+γm)
2µ
gnkm
)]+
−µ
[
(1+δ(k))(1+γm)
2µ
− 1
gnkm
]+
snkm =
{
1 ∀ (k,m) = (k,m)∗
0 otherwise
end
(2.21)
Hence, solving ∇p¯nkmL = 0 w.r.t. pnkm, the optimal allocated power pn
∗
km on the subcarrier n for a couple
(k,m) is found to be equal to:
pn
∗
km =

[
(1+δ(k))(1+γm)
2µ − 1gnkm
]+
if snkm = 1
0 otherwise
(2.20)
where the operator [x]+ stands for max{0, x} .
Moreover, differentiating L with respect to snkm we get the following:
∇snkmL =
(1 + δ(k))(1 + γm)
2
log2(1 + gnkm p¯nkmsnkm
)
− snkm

p¯nkm
(snkm)
2 g
n
km
1 +
p¯nkm
snkm
gnkm

− αn (2.22)
According to problem assumptions, if pnkm = 0 then s
n
km = 0. However, for s
n
km 6= 0, we have:
∇snkmL
{
> 0 if snkm = 1
= 0 if 0 < snkm < 1
(2.23)
where (2.23) can be interpreted as follows:
• ∇snkmL = 0 signifies that the maximum is occurred for 0 < snkm < 1.
• In the other hand, at the boundary, i.e. snkm = 1, ∇snkmL 6= 0. Hence, if ∇snkmL > 0 then snkm = 1.
Thereby, substituting eq. (2.20) in (2.22) and since αn is common for all (k,m) couples, a subcarrier
allocation strategy for each (k,m) pair can be obtained thanks to the routine described in eq. (2.21) at
the top of the next page.
The expressions given in (2.21) and (2.20) are similar to the ones obtained in [14]. However, they
account for the relay selection strategy which can be performed jointly with the subcarrier allocation.
Combining equations (2.11), (2.12) and (2.20), the powers to be allocated in the first and the second
hop can be readily deduced. Looking at the equation of the subcarrier allocation strategy in (2.21), we
can figure out a trade-off between the throughput and its associated power i.e. the left hand side equation
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signifies the throughput and the second hand side equation characterizes the allocated power. The power
allocation in eq. (2.20) can be realized as a multi-level water-filling [14].
2.4 Joint Optimal Power Allocation, Relay selection and Subcarriers
Assignment (JPRS)
Based on the expressions given in eq. (2.21) and (2.20), we propose a global resource allocation
algorithm that jointly optimizes the power, assigns subcarriers and selects the relays, presented in Algo-
rithm 1.
Algorithm 1 Joint Power, Subcarrier and Relay Selection algorithm (JPRS)
1: µ← µ0, U = {1, · · · ,M}
2: γ+m ← 0, γ−m ← 0, r−em ← −ρm ∀m ∈ U
3: while r−em < 0, ∀m do
4: γ+m ← γ+m + δ
5: Apply (2.21)
6: r−em ←
K∑
k=0
NF∑
n=1
snkmC
n
km − ρm
7: end while
8: r+em ← +ρm ∀m ∈ U
9: while r+em > 0, ∀m do
10: γ−m ← γ−m − δ
11: r+em ←
K∑
k=0
NF∑
n=1
snkmC
n
km − ρm
12: end while
13: Find γ∗m ∈ [γ−m, γ+m] such that fm(γm, µ0) = 0 ∀ m
14: Ptotreq ←
M∑
m=1
K∑
k=0
NF∑
n=1
snkmp
n
km
15: if Ptotreq > Ptot then
16: Pmreq ←
K∑
k=0
NF∑
n=1
snkmp
n
km ∀m ∈ U
17: m∗ ← arg min
m
ρm
Pmreq
18: Update U by removing the user m∗
19: else
20: Find P (γ∗, µ) = 0, else
21: Update µ and go to step 2
22: end if
The joint power, subcarrier and relay selection algorithm (JPRS) attempts to search the optimal
Lagrange multipliers µ and γm. For an initialized µ = µ0, it starts by finding upper and lower bounds
of γm, i.e. γ
+
m and γ
−
m described by the while loops at steps 3 and 9. The rate of all users is first
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set to zero, i.e. r−em = −ρm (step 2) and the upper bound γ+m is increased until all users satisfy their
rate constraint, i.e. r−em > 0. For this purpose, for each subcarrier, the optimal pair (k,m) is selected
according to eq. (2.21) and the gap between the rate of each user and its rate constraint is updated (step
5 and 6). According to the allocated subcarriers and relays for every user, we search γ−m in order to get
r+em < 0 ∀m ∈ {1, · · · ,M}. Once the interval [γ−m, γ+m] is defined, the optimal γ∗m is found by solving the
equation fm(γ
∗
m, µ0) = 0 with:
fm(γ
∗
m, µ0) =
K∑
k=1
NF∑
n=1
snkm log2
[
(1 + δ(k))(1 + γ∗m)gnkm
2µ0
]+
− ρm ∀m ∈ {1, · · · ,M} (2.24)
where eq. (2.24) can be solved by applying the bisection method on the interval [γ−m, γ+m]. In a second
time and from the obtained γ∗m ∀ m, the algorithm searches for the optimal µ∗ by first computing the
power required to achieve the data rate constraints determined before (step 14). If the required power
is available, the algorithm updates µ and restarts updating γm for every user until finding (γ
∗, µ∗) such
that P (γ∗, µ∗) = 0, with
P (γ∗, µ∗) =
K∑
k=1
M∑
m=1
NF∑
n=1
snkm
[
(1 + δ(k))(1 + γ∗m)
2µ∗
− 1
gnkm
]+
− Ptot (2.25)
If the required power exceeds the total power constraint of the network, it implies that all constraints
cannot be satisfied at the same time. In this case, the user with the lower spectral efficiency per Watt
allocated is removed (step 17) and the algorithm restarts until all users be satisfied or removed.
2.5 Numerical results
In this section, the performances of our algorithm in terms of global achievable data rate and average
starved user rate, i.e. the number of users without resources over the total number of users, are inves-
tigated. We consider a circular cell of radius R = 1 km and four relays uniformly deployed around the
base station at a distance R/2 with the same angle between them. The system bandwidth is 1.4 MHz
and an OFDMA symbol is composed of 64 subcarriers. The noise spectral density is −155 dBm/Hz. The
pathloss gain in dB is lnkm |dB = 139.90 + 34.41. log10(d) where d is the distance in km between the base
station or any relays to the user m [69]. We also consider heterogeneous classes of users having different
data rate requirements, i.e. [r1, r2, r3, r4] = [1 2 2.5 3] bits/s/Hz. We assume that users are positioned
around the BS at R. In the following simulations, the global data rate and the starved user rate are
averaged over 10000 channel realizations. Our allocation algorithm JPRS is compared with two other
strategies, i.e. a power-subcarrier non cooperative algorithm [14] labeled ”Non-Coop” in the figures and
a cooperative algorithm without power allocation labeled ”Equal power” in [18].
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2.5.1 Throughput performance
Figures 2.3 and 2.4 show the average total throughput and the average starved user rate in the cell
versus Ptot for M = 5, 10 and 15 users respectively. The JPRS algorithm outperforms the non-cooperative
case and an algorithm without power allocation in terms of achievable data rate as well as average starved
user rate. For instance in Fig. 2.3, for a global data rate about 20 bits/s/Hz and M = 15 users, the
JPRS algorithm has about 3 dB power saving compared to the cooperative algorithm in [18] and more
than 6 dB compared to a non-cooperative scheme. In Fig. 2.4 for M = 5, we notice that a minimum
power of Ptot = 28 dBm is needed to satisfy all users, while the algorithm in [18], the required power is
about 31 dBm and for a non-cooperative technique the required power is 33 dBm. These results show
that the number of satisfied users can be significantly improved using this relaying technique compared
to the non-cooperative case and can be used as design guidelines for future wireless cellular systems.
The average total throughput and average starved user rate are investigated according to the cell load,
i.e. number of users, in Fig. 2.5 and 2.6 respectively, for Ptot = 30 and 35 dBm. In this case, all users are
assumed to have the same data rate requirement, i.e. ρm = r2 = 2 bits/s/Hz for all m ∈ {1, · · · ,M}. One
can notice, as M is increasing the overall throughput of the cell is globally increasing but slowly compared
to the gap in total average throughput when the available power increases, e.g. from 30 to 35 dBm. For
M = 20 and Ptot = 35 dBm, the JPRS outperforms the algorithm in [18] about 10 bits/s/Hz, due to the
power allocation offered by JPRS algorithm. In Fig. 2.6, the average starved user rate obtained with the
JPRS algorithm is well below the two other algorithms. For instance, with 20 users and Ptot=35 dBm,
all users satisfy their rate constraint using the JPRS algorithm while under non-cooperation, about 47%
of users are starved. Moreover, the algorithm in [18] allows to decrease the starvation rate about 17%.
By increasing the number of users to 30 and using our algorithm, 15% of users are not satisfied while
the average starved user rate for non-cooperative scheme increases above 62% and is about 43% with
the algorithm in [18]. The results show that our algorithm is more efficient in terms of total spectral
efficiency and average starved user rate, mainly because our algorithm exploits all the available resources,
including power, contrary to the algorithm in [18].
2.5.2 Power efficiency
Considering that all mobile users have the same QoS demand, fig. 2.7 studies the average minimum
required power to satisfy all users versus the throughput constraint for M = 5 and 10. For a rate constraint
of 2 bits/s/Hz and M=5, the average minimum power needed is about 26.5 dBm for cooperation and
32 dBm for non cooperation. Therefore, this gives an insight about the substantial power gain enabled
by cooperation compared to non cooperation. Furthermore, as the throughput constraint increases, the
minimum required power increases logarithmically in both cases.
Fig. 2.8 depicts the average minimum required power to satisfy all users versus relays position for
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M = 5 and 10. Assume also that all users have the same QoS rate constraints that could be 2 or 3
bits/s/Hz. It can be noticed that if the relays are near to BS, a high power is needed to satisfy all users.
Since, at this position the direct communication is preferable. For instance, at a distance of 100 m,
M = 5 and r2=2 bits/s/Hz, the minimum power is 31 dBm. This power decreases to 26 dBm at 600 m.
Moreover, its starts increasing as the relays position is beyond 600 m to achieve about 28 dBm at 900 m.
Furthermore, changing number of users or the QoS demand, the required power increases. However, this
power is always minimum at 600 m. Hence, at 600 m a minimum power consumption is achieved. Since
when BS transmits, it makes a decision whether direct transmission or cooperation is preferable leading
to a robust equivalent link. In this case, the relays must be nearer to the users than the BS in order to
have better RS-um links ∀ m.
Therefore, these analyses provide an overview about the importance of optimal relays deployment in
cellular network and show the better relays position that leads to power efficient communications.
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Figure 2.8: Minimum required power versus Relays position for M = 5 and 10
2.6 Conclusions and Remarks
In this chapter, we studied a throughput maximization problem for multi-user downlink OFDMA-
based relay-assisted networks. We proposed a resource allocation algorithm that jointly allocates the
optimal power in each link, assigns subcarriers and selects an optimal relay for every user if needed,
under heterogeneous data rate constrained users. The system is also assumed to have a total power
constraint and to be band-limited. Furthermore, we have studied the average starved user rate in relay-
assisted network under optimal resource allocation and shown that the number of starved users is far
below the starvation rate of non cooperative networks. Moreover, our proposed algorithm outperforms
the algorithm in [18] in terms of total average throughput and number of starved users. It achieves about
50 bits/s/Hz where the two other strategies, i.e. a power-subcarrier non cooperative algorithm [14] de-
livers 20 bits/s/Hz and a cooperative algorithm without power allocation in [18] offers about 38 bits/s/Hz.
It is worthwhile to notice that, this optimization problem considers reliable links, where each user is
able to decode its own data information if the transmission rate is below the channel capacity. Hence,
we have several remarks:
54Chapter 2. Resource Allocation for QoS Aware Relay-Assisted OFDMA Cellular Networks
• The proposed algorithm allocates resources from the information theoretic point of view. Therefore,
it would be essential to allocate resources by considering a practical MCS and finite packet lengths.
• The retransmission mechanisms of the erroneous packets is not considered.
• This algorithm allocates all the available power.
• It maximizes optimally the overall throughput in the network without considering the static energy
consumption neither at BS nor at RS.
Thereby, in the next chapters, we focus on the theoretical analysis of HARQ schemes in relay-assisted net-
works by considering a given MCS and finite packet lengths. Moreover, by taking into account the energy
consumption at each node and for a given practical MCS, we minimize the overall energy consumption
with HARQ mechanisms at the MAC layer such that the QoS demand is guaranteed.

CHAPTER
3 Performance Metrics Analysisof Hybrid-ARQ Schemes
3.1 Introduction
In the preceding chapter, we focused on a resource optimization problem considering a reliable com-
munication in each link. However, in reality, an erroneous packet could be retransmitted several times
according to an ACK feedback from the receiver side. Moreover, modern communication standards try
to design cross-layer schemes that jointly optimize the available resources and considers the HARQ tech-
niques. Therefore, this chapter is dedicated to the performance analysis of HARQ schemes in direct and
relay-assisted communications.
Typically, any HARQ communication scheme can be analyzed according to the following key performance
metrics:
• Packet error rate
• Average delay
• Throughput efficiency
In order to tackle these theoretical analysis, we firstly start by analyzing the aforementioned metrics for
any HARQ scheme. As the performance metrics are error probability dependent, we derive a closed form
expression of the error probability at any retransmission instant for HARQ-I and HARQ-CC and also
for a given MCS. Thereby, the packet error rate (PER), average delay (N t), throughput efficiency (ηT )
or other performance metrics can be deduced. Furthermore, after deriving the average delay, the delay
outage probability in quasi-static fading channels can be analyzed.
3.2 System Model and Protocol
System model: Consider a relay-assisted scheme depicted in fig. 3.1 consisting of a source s, a relay
r and a destination d. We denote by hij the complex channel realization in the i − j link, where
ij ∈ {sd, sr, rd}. We consider a block fading channel, in which the channel coefficient hij is assumed to
be constant along the packet duration and vary at each retransmission instant. We assume a Rayleigh
fading channel in each link, where |hij |2 follows an exponential distribution and γij = pij |hij |2 /σ2j is
the corresponding instantaneous SNR, pij is the received power in the i − j link and σ2j is the AWGN
noise variance at j, where j ∈ {r, d}. Thus, the probability density function (pdf) of γij is hence
pγij (γij) =
1
γij
exp
(
γij
γij
)
, with γij = E[γij ] = pij/σ2j .
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Figure 3.1: Relay-assisted scheme
Protocol: In this communication scheme, the two-hop DF relaying technique is adopted, i.e. r may
start transmitting if and only if it has successfully decoded the information. The HARQ retransmission
protocol is described as follows:
• In the first instant, s transmits a data packet to the intended destination d and the relay r is hearing
data transmission. If d has successfully received the packet, it sends an ACK to s and r. Then, the
relay would not cooperate and a new packet is transmitted by s.
• If d has not successfully received the packet, it sends a NACK packet to s and r. Then, s starts
retransmitting the same packet until d or r decodes it.
• If r has successfully decoded and the destination d does not yet, r sends an ACK to s. Thereby, s
stop transmitting and r starts relaying the same packet until d receives it or the maximum number
of transmissions Nmax is attained.
• If Nmax is attained, then the current packet is dropped and a new packet is to be transmitted.
Before starting our analysis, the following system assumptions are considered:
• The ACK/NACK packets are assumed to be error-free with a negligible delay which is a reasonable
assumption considering low rate and short length ACK/NACK packets [70].
• The CRC check in each packet is also error-free.
3.3 Packet error rate
Consider that the transmission has started at the instant n = 1 and each packet has a limited number
of retransmissions Nmax. Moreover, let us define the following two events:
An : A NACK message is received at the instant n
An : A positive ACK is received at the instant n
In this case, the end-to-end PER between two communicating nodes is defined as
PER
4
= Pr
{
Nmax⋂
n=1
An
}
(3.1)
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Moreover, occurring an error at the instant n signifies that an error has also been occurred at the instants
1, 2 · · · , n− 1, i.e. An−1 ⊂ An. Therefore,
⋂Nmax
n=1 An = ANmax and the PER in (3.1) is written as:
PER = Pr
{
ANmax
}
(3.2)
Therefore, according to [71], another alternative equivalent form of PER can be written as function of
the successful decoding probability:
PER = 1− Pr
{
Nmax⋃
n=1
Dn
}
= 1−
Nmax∑
n=1
Pr {Dn}
(3.3)
since Pr {Dn} = Pr
{⋂n−1
n=1An
⋂
An
}
= Pr
{
An−1
⋂
An
}
and Dm ∩Dn = φ ∀m 6= n.
Therefore, using the fact that [72]
Pr
{
An−1
⋂
An
}
= Pr
{
An−1
}− Pr{An} (3.4)
with Pr
{
A0
}
= 1, the equivalency between eqs. (3.2) and (3.3) can be easily verified.
Direct communication: According to (3.2), the PER in the case of direct communication between s
and d is written as:
PER = Psd (Nmax) (3.5)
with Psd (n)
4
= Pr
(
An
)
being the average error probability in fading channel in the s − d link at the
instant n. It depends on the adopted MCS.
Relay-assisted communication: Consider now that an intermediate relay r is deployed between two
communicating nodes s and d as depicted in Fig. 3.1. Therefore, according to the above HARQ protocol,
the PER in the case of cooperation can be defined as:
PER
4
=1− Pr {As ∪Ar} (3.6)
with the events As and Ar are respectively defined as:
As: d successfully decodes due to s transmissions.
Ar: d successfully decodes due to r transmissions.
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Moreover, As and Ar are two disjoint events (As ∩Ar = 0), then the PER in (3.6) can be defined as:
PER = 1− (Pr {As}+ Pr {Ar}) (3.7)
Pr {As} can be expressed as:
Pr {As} =
Nmax∑
n=1
Qs(n) (3.8)
with Qs(n) being the probability that d has successfully decoded at the instant n due to s transmissions
when r has failed to decode the packet at the instant n− 1. Therefore Qs(n) is written as:
Qs(n) = Psr(n− 1)Qsd(n)
= Psr(n− 1)
(
Psd(n− 1)− Psd(n)
) (3.9)
where Psr(n − 1) is the probability that r has not decoded at the instant n − 1 and Psr(0) = 1. Qsd(n)
being the decoding probability at d due to s transmission at the instant n.
Assuming now, that the relay r has successfully decoded at the instant n′ and the destination d has not
decoded yet. In this case, r starts retransmitting the same packet at the instant n′+1 and the probability
Pr{Ar} can be written as:
Pr{Ar} =
Nmax−1∑
n′=1
Nmax∑
n=n′+1
Qr(n, n
′) (3.10)
where Qr(n, n
′) is the probability that d has decoded at the instant n due to the transmissions of r that
has decoded at the instant n′ (n > n′). Therefore, Qr(n, n′) can be written as:
Qr(n, n
′) = Qsr(n′)
(
Prd(n− 1, n′)− Prd(n, n′)
)
(3.11)
where Qsr(n
′) = Psr(n′ − 1) − Psr(n′) is the decoding probability at r at the instant n′. Moreover,
Prd(n, n
′) is the error probability at d at the instant n > n′ due to r that has decoded at the instant n′
and Prd(n
′, n′) = Psd(n′). The probabilities Psd(n′) and Psr(n′) are respectively, the error probabilities
in the s− d and s− r links at the instant n′. Finally, in the case of cooperation, the PER can be written
as:
PER = 1−
(
Nmax∑
n=1
Qs(n) +
Nmax−1∑
n′=1
Nmax∑
n=n′+1
Qr(n, n
′)
)
(3.12)
where Qs(n) and Qr(n, n
′) depend on the probabilities Psd(n), Psr(n) and Prd(n, n′) at the instants n
and n′.
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3.4 Average delay
Direct communication: The average delay in time slots (TSs) between s and d can be written as
follows:
N t =
Nmax∑
n=1
n.Qsd(n) +NmaxPsd(Nmax)
= 1 +
Nmax−1∑
n=1
Psd(n)
(3.13)
where Qsd(n) = Psd(n− 1)− Psd(n).
Relay-assisted communication: In relay-assisted communications, the average delay depends on the
delay induced due to s transmissions, i.e. N ts , and r transmissions, i.e. N tr . Therefore, the total average
delay for the case of cooperation can be written as:
N t = N ts +N tr (3.14)
The average delay when s is transmitting is defined as:
N ts =
Nmax−1∑
n=1
n
(
Qsd(n)Psr(n− 1) + Psd(n)Qsr(n)
)
+Nmax
(
Qsd(Nmax)Psr(Nmax − 1)
)
+Nmax
(
Psr(Nmax − 1)Psd(Nmax)
)
(3.15)
The average delay when r is transmitting can be expressed as:
N tr =
Nmax−1∑
n′=1
Qsr(n
′)
( Nmax∑
n=n′+1
(n− n′)Qrd(n, n′) + (Nmax − n′) Prd(Nmax, n′)
)
(3.16)
where n′ is the instant when r has decoded the packet. Qrd(n, n′) is the decoding probability at d due
to r transmissions at the instant n when r has decoded at the instant n′ and d has not. Prd(Nmax, n′)
is the probability of not decoding at the destination after Nmax retransmissions when r has started
retransmission at the instant n′. Qrd(n) is written as Qrd(n) = Prd(n− 1, n′)− Prd(n, n′). Therefore eq.
(3.16) can be simplified to:
N tr =
Nmax−1∑
n′=1
Qsr(n
′)
Nmax−1∑
n=n′
Prd(n, n
′) (3.17)
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3.5 Throughput efficiency
According to eq. (1.21), the throughput efficiency ηT can be defined as:
ηT =
L(1− PER)
E [B] (3.18)
with L being the number of information bits in a packet. E [B] is the average number of transmitted bits
until the correct reception of the packet or Nmax is reached.
Direct communications: Using eq. (3.5), the PER can be calculated. Moreover, assuming that L(n)
is the number of transmitted bits until the instant n, the average number of transmitted bits can be
calculated as follows:
E [B] =
Nmax∑
n=1
L(n).Qsd(n) + L(Nmax)Psd(Nmax) (3.19)
Hence, according to (3.18), ηT can be readily deduced provided that Psd(n) is evaluated for any instant
n.
Relay-assisted communication: The average number of transmitted bits in the case of relay-assisted
communications can be split into two terms as follows:
E [B] = E [Bs] + E [Br] (3.20)
where E [Bs] and E [Br] are respectively, the average number of transmitted bits due to s and r transmis-
sions. Therefore, E [Bs] can be written as follows:
E [Bs] =
Nmax−1∑
n=1
L(n)
(
Qsd(n)Psr(n− 1) + Psd(n)Qsr(n)
)
+ L(Nmax)
(
Qsd(Nmax)Psr(Nmax − 1)
)
+ L(Nmax)
(
Psr(Nmax − 1)Psd(Nmax)
)
(3.21)
Moreover, E [Br] can be expressed as:
E [Br] =
Nmax−1∑
n′=1
Qsr(n
′)
( Nmax∑
n=n′+1
L(n− n′)Qrd(n, n′) + L(Nmax − n′) Prd(Nmax, n′)
)
(3.22)
Thereby, using eqs. (3.12), (3.21) and (3.22), ηT can be deduced for relay-assisted communications.
To best of our knowledge, the above derived performance metrics of PER, average delay and throughput
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efficiency can be applied for any HARQ scheme in direct and relay-assisted communications. Furthermore,
these performance metrics depend on the error probabilities Psd(n), Psr(n) and Prd(n, n
′) at the instants
n and n′. Since the error probability of HARQ-IR is intractable, we restrict our analysis on ARQ, HARQ-I
and HARQ-CC schemes.
Special case: In both cases (direct and relay-assisted communications), if the number of bits is constant
at each retransmission instant i.e. L(n) = LR0 ∀n, then E [B] = LR0 .N t and hence ηT is:
ηT = R0
(1− PER)
N t
, (3.23)
which is the case of ARQ, HARQ-I and HARQ-CC schemes.
3.6 Analysis for a given MCS
3.6.1 Error probability model
In order to keep a tractable form of the theoretical analysis, the instantaneous error probability in
AWGN channel for one transmission can be obtained by curve fitting as:
f(γ) =
{
a exp (−gγ) if γ ≥ γM
1 otherwise
(3.24)
where a, g and γM = ln (a)/g are curve fitting parameters. If we denote the simulated SNRs and their
corresponding PERs by γ1, γ2, · · · , γl and p1, p2, · · · , pl respectively, the two parameters a and γM are
calculated such that the relative quadratic error,
l∑
i=1
(pi − f(γi))2
p2i
(3.25)
is minimized [73]. These parameters can be changed according to the packet length and the adopted
MCS [74].
3.6. Analysis for a given MCS 63
3.6.2 ARQ and HARQ-I
The average error probability for one transmission in the i− j link (Pij) can be written as:
Pij =
∫ ∞
0
f (γ) pγ (γ) dγ
= 1−
(
gγij
1 + gγij
)
exp
(
−γM
γij
)
(3.26)
where ij ∈ {sd, sr, rd}.
From the principles of ARQ and HARQ-I, the decoding probability at the instant n is independent
from the preceding instants. Therefore, for the case of cooperation, using eqs. (3.9) and (3.11), Qs(n)
and Qr(n, n
′) can be respectively written as:
Qs(n) = (1− Psd)(PsdPsr)n−1 (3.27)
Qr(n, n
′) = Pn
′−1
sr (1− Psr)Pn
′
sd (P
n−1
rd (1− Prd)) (3.28)
where Psd, Psr and Prd are computed as in eq. (3.26). As defined in eq. (3.7), the PER in relay-assisted
communication depends on Pr{As} and Pr{Ar} that are respectively defined in eqs. (3.8) and (3.10).
Therefore, inserting eq. (3.27) in (3.8), P{As} can be written in closed form as follows:
Pr{As} = (1− Psd)
Nmax∑
n=1
(PsrPsd)
n−1
= (1− Psd)
(
1− (PsrPsd)Nmax
1− PsrPsd
)
(3.29)
and from eqs. (3.10) and (3.28), P{Ar} can be computed as:
Pr{Ar} = Psd (1− Psr) (1− Prd)
Nmax−1∑
n′=1
Nmax∑
n=n′+1
[PsdPsr]
n′−1 Pn−1rd
= Psd (1− Psr)
[
Prd
(
Nmax−1∑
n′=1
(PsdPsrPrd)
n′−1
)
− PNmaxrd
(
Nmax−1∑
n′=1
(PsdPsr)
n′−1
)]
= Psd (1− Psr)
[
Prd
1− (PsdPsrPrd)Nmax−1
1− PsdPsrPrd − P
Nmax
rd
1− (PsdPsr)Nmax−1
1− PsdPsr
]
(3.30)
and hence the PER can be written in closed form according to eqs. (3.29) and (3.30).
Moreover, the average delay in HARQ-I based relaying network can also be written in closed form. By
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replacing eq. (3.27) in eq. (3.15), the average delay N ts is given by:
N ts = (1− PsdPsr)
Nmax−1∑
n=1
n(PsdPsr)
(n−1) +Nmax(PsdPsr)(Nmax−1)
=
1− (PsdPsr)Nmax−1
1− PsdPsr + (PsdPsr)
(Nmax−1)
=
1− (PsdPsr)Nmax
1− PsdPsr (3.31)
Furthermore, the average delayN tr can be computed by pluggingQsr(n
′) = (1−Psr)Pn′−1sr and Prd(n, n′) =
Pn
′
sdP
n−n′
rd in eq. (3.17) as follows:
N tr =
Psr
(1− Psr)
(
Nmax−1∑
n′=1
(
PsdPsr
Prd
)n′ Nmax−1∑
n=n′
Pnrd
)
=
1− Psr
Psr(1− Prd)
(
Nmax−1∑
n′=1
(PsdPsr)
n′ − PNmaxrd
Nmax−1∑
n′=1
(
PsdPsr
Prd
)n′)
=
1− Psr
Psr(1− Prd)
(
PsdPsr − (PsdPsr)Nmax
1− PsdPsr − P
Nmax
rd
(
PsdPsr
Prd
− (PsdPsrPrd )Nmax
1− PsdPsrPrd
)) (3.32)
Therefore, the total delay can be written in closed form as a sum of N ts and N tr given respectively in
eqs. (3.31) and (3.32). Moreover, ηT defined in (3.23) can also be deduced in closed form by using eqs.
(3.31) and (3.32).
3.6.3 HARQ-CC
As mentioned in the preceding sections, all performance metrics depend on the error probabilities
Psd(n), Psr(n) and Prd(n, n
′) at the instants n and n′. Hence, for HARQ-CC, the error probabilities at
any instant have to be derived.
Direct communication: In point-to-point communication (p2p), the error probability P (n) in HARQ-
CC at the instant n can be calculated as [75]
P (n) =
∫ ∞
0
· · ·
∫ ∞
0
f(γ1)f(γ1 +γ2) · · · f(γ1 + · · ·+γn)×pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (3.33)
where pγsd (γn) =
1
γ¯sd
exp
(
− γnγ¯sd
)
is the pdf of the instantaneous SNR at the instant n, i.e. γn. γ¯sd is the
average SNR between s and d. Moreover, detecting an error at the instant n, signifies that at the instants
1, 2, · · · , n− 1 an error has certainly occurred. Therefore, f(γ1)f(γ1 + γ2) · · · f(γ1 + · · ·+ γn−1) ≈ 1 and
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hence, eq. (3.33) can be approximated by
P (n) ≈
∫ ∞
0
∫ ∞
0
· · ·
∫ ∞
0
f(γ1 + γ2 + · · ·+ γn)× pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (3.34)
This approximation is tight enough to measure the performance metrics as we will see later. Following
similar steps as done in [75], (3.34) can be split into three parts as:
P (n) = An +
n−1∑
m=1
Bn,m + Cn (3.35)
Where An, Bn,m and Cn are respectively written as follows:
An =
∫ γM
0
∫ γM−γ1
0
· · ·
∫ γM−γ1−···γn−1
0
pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (3.36)
Bn,m =
∫ γM
0
· · ·
∫ γM−γ1−···−γm−1
0
∫ ∞
γM−γ1−···−γm
∫ ∞
0
· · ·
∫ ∞
0
a exp
(− g(γ1 + · · ·+ γn))
×pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (3.37)
Cn =
∫ ∞
γM
∫ ∞
0
· · ·
∫ ∞
0
a exp
(− g(γ1 + · · ·+ γn))pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (3.38)
Therefore, after some cumbersome calculations, An, Bn,m and Cn can be expressed as:
An = 1− exp
(
−γM
γ¯sd
) n−1∑
k=0
1
k!
(
γM
γ¯sd
)k
(3.39)
Bn,m =
(
γM
m
m!
)[
1
1 + gγ¯sd
]n−m( 1
γ¯sd
)m
exp
(
−γM
γ¯sd
)
(3.40)
Cn =
[
1
1 + gγ¯sd
]n
exp
(
−γM
γ¯sd
)
(3.41)
The derivation details of An, Bn,m and Cn are reported in the appendices A.1, A.2 and A.3 respectively.
Hence, substituting eqs. (3.39), (3.40) and (3.41) in (3.35), P (n) can be calculated.
Relay-assisted communication: Let us assume the case of relay-assisted communication in which
the relay r can help for the communication between s and d. The derivations of Psd(n) and Psr(n) can
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be deduced from the preceding section. However, Prd(n, n
′) can be expressed as:
Prd(n, n
′) =
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
n′ folds
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
n−n′ folds
f(γ1)f(γ1 + γ2) · · · × f(γ1 + γ2 + · · ·+ γn)× pγsd(γ1) · · · pγsd(γn′)
×pγrd(γn′+1) · · · pγrd(γn)dγ1dγ2 · · · dγn
(3.42)
Following the similar approximation method adopted previously, eq. (3.42) can be written as:
Prd(n, n
′) ≈
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
n′ folds
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
n−n′folds
f(γ1 + γ2 + · · ·+ γn)× pγsd(γ1) · · · pγsd(γn′)× pγrd(γn′+1) · · · pγrd(γn)
dγ1dγ2 · · · dγn
(3.43)
Moreover, using [75], eq. (3.43) can be split into three parts as follows:
Prd(n, n
′) = A(n, n′) +
n−1∑
m=1
B(n,m, n′) + C(n, n′) (3.44)
where A(n, n′) is written as:
A(n, n′) =
∫ γM
0
· · ·
∫ γM−γ1···γn−1
0
pγsd(γ1) · · · pγsd(γn′)pγrd(γn′+1) · · · pγrd(γn)dγ1 · · · dγn (3.45)
Thus, from appendix A.4, A(n, n′) is proved to be written as:
A(n, n′) = ϕ1 − ϕ2, (3.46)
with ϕ1 and ϕ2 are respectively given by:
ϕ1 = 1− exp
(
−γM
γ¯sd
) n′−1∑
k=0
1
k!
(
γM
γ¯sd
)k
(3.47)
ϕ2 =
1
Γ(n′)
(
γM
γ¯sd
)n′
exp
(
−γM
γ¯rd
) n−n′−1∑
k=0
1
k!
(
γM
γ¯rd
)k
Z1(k) (3.48)
where Z1(k) is:
Z1(k) =
∫ 1
0
exp
((
γM
γ¯rd
− γM
γ¯sd
)
· x
)
xn
′−1(1− x)kdx (3.49)
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Using the binomial theorem (1 − x)k =
k∑
i=0
(
k
i
)
(−1)ixi, Z1(k) can be written as [76, eq. (11) §2.33, pp.
108]:
Z1 =
k∑
i=0
(
k
i
)
(−1)i (n
′ + i− 1)!(
γM
γ¯sd
− γMγ¯rd
)(n′+i) ×
1− exp(−(γM
γ¯sd
− γM
γ¯rd
)) n′+i−1∑
j=0
(
γM
γ¯sd
− γMγ¯rd
)j
j!
 (3.50)
Moreover, B(n, n′,m) can be written as follows:
B(n, n′,m) =
∫ γM
0
· · ·
∫ γM−γ1−···γm−1
0
∫ ∞
γM−···γm
∫ ∞
0
· · ·
∫ ∞
0
pγsd(γ1) · · · pγsd(γn′)× pγrd(γn′+1) · · · pγrd(γn)
×a exp (−g (γ1 + · · ·+ γn))dγ1dγ2 · · · dγn
(3.51)
Therefore, from appendix A.5, if n′ ≥ m+ 1, B(n, n′,m) becomes:
B(n, n′,m)=
1
m!
(
γM
γ¯sd
)m[ 1
1 + gγ¯rd
]n−n′[ 1
1 + gγ¯sd
]n′−m
× exp
(
−γM
γ¯sd
)
(3.52)
If n′ < m+ 1, we have
B(n, n′,m) =
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′ [ 1
g + 1γ¯rd
]n−m
× exp
(
−γM
γ¯rd
)
γmM
(m− n′)!Γ(n′)Z2 (3.53)
where Z2 is given by:
Z2 =
∫ 1
0
(1− x)m−n′xn′−1 exp
(
−
(
γM
γ¯sd
− γM
γ¯rd
)
x
)
dx (3.54)
Applying binomial theorem, Z2 can be obtained using the integral and series identities in [76, eq. 11, pp.
108]:
Z2 =
m−n′∑
j=0
(
m− n′
j
)
(−1)j ×
∫ 1
0
xj+n
′−1 exp
(
−
(
γM
γ¯sd
− γM
γ¯rd
)
x
)
dx (3.55)
=
m−n′∑
j=0
(
m− n′
j
)
(−1)j (j + n
′ − 1)!(
γM
γ¯sd
− γMγ¯rd
)(j+n′) ×
1−exp(−(γM
γ¯sd
− γM
γ¯rd
)) j+n′−1∑
i=0
(
γM
γ¯sd
− γMγ¯rd
)i
i!
 (3.56)
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Finally C(n, n′) is written as follows:
C(n, n′) =
∫ ∞
γM
· · ·
∫ ∞
0︸ ︷︷ ︸
n′folds
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
n−n′folds
pγsd(γ1) · · · pγsd(γn′)pγrd(γn′+1) · · · pγrd(γn)× a exp (−g(γ1 + · · ·+ γn))
dγ1dγ2 · · · dγn
(3.57)
After calculations, C(n, n′) is quantified in closed form as:
C(n, n′) =
[
1
1 + gγ¯sd
]n′ [ 1
1 + gγ¯rd
]n−n′
exp
(
−γM
γ¯sd
)
(3.58)
Hence, inserting (3.46), (3.53) and (3.58) in (3.44), we can calculate Prd(n, n
′) and the probabilities Psd(n)
and Psr(n) are calculated from (3.35). Therefore, the PER, average delay and ηT for HARQ-CC is easily
deduced for any given MCS in direct and relay-assisted communications.
3.7 Numerical analysis
In our simulation settings, we consider that s communicates with d either by a direct transmission
or by the assistance of the relay r that is located at a distance dr = 500 m from BS. The angle between
the line joining s to d and s to r is θr = pi/6 radians. The other system parameters are detailed in table
3.1. The propagation path-loss model in dB is 139.90 + 34.41. log10(dij) in the i− j link, where dij is the
distance in km [69]. The cases where Nmax = [2, 5, 10] TSs are compared and the adopted modulation
scheme is BPSK. Moreover, we consider two cases: the coded and the non-coded schemes by means of
LDPC code of rate R0 =
1
2 , where the curve fitting parameters for both schemes are shown in table 3.2.
Parameters Description value
N0 noise power spectral density -155 dBm/Hz
L number of information bits 102
Rb transmission bit rate 150 kbps
fc carrier frequency 2.4 GHz
Table 3.1: System model parameters
MCS Rc a g γM = log(a/g)
BPSK 1 8.117 0.998 2.0966
BPSK (LDPC) 1/2 4116.88 6.680 1.2458
Table 3.2: Curve fitting parameters
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Figure 3.2: PER for coded and non-coded p2p and cooperative HARQ schemes
versus γ¯eff for Nmax = 2, 5 and 10
3.7.1 PER versus SNR
Figs. 3.2a, 3.2b and 3.2c show the theoretical and the simulated PER versus the average effective SNR
that is defined as γ¯eff = γ¯sd ·N t, for p2p HARQ-CC, cooperative HARQ-I and cooperative HARQ-CC
schemes respectively.
In the three communication schemes, it can be noticed that our theoretical approximations of PER for
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coded and non-coded schemes match tightly the simulated ones and hence this confirms our theoretical
findings. We can further observe that increasing the number of allowed retransmissions, the packet error
rate enhances significantly, i.e. the system reliability increases. Moreover, comparing coded scheme to
non-coded one, we can notice that the coding gain is always between 3.5 and 4 dB for all schemes.
Therefore, Nmax has an influence on the diversity gain.
Considering a non-coded scheme and at Nmax = 2, the effective SNR γ¯eff to obtain a PER = 10
−3
is about 18.72, 16.5 and 15.4 dB for p2p HARQ-CC, cooperative HARQ-I and cooperative HARQ-
CC schemes respectively. Hence, cooperative HARQ-CC provides a gain of about 3.32 dB and 1.18
dB w.r.t. p2p HARQ-CC and cooperative HARQ-I respectively. This shows that cooperative HARQ-
CC has the better performance in terms of PER. Indeed, packet combining enables a substantial time
diversity compared to simple HARQ-I that drops the erroneous packets. Furthermore, cooperation offers
a significant spatial diversity w.r.t. to p2p communication. For Nmax = [2, 5, 10], the average SNRs
required to achieve a PER = 10−3 are summarized in table 3.3.
From table 3.3, it can be noticed that the higher Nmax, the better SNR gain is. Moreover, a significant
gain is induced from cooperative HARQ-CC compared to p2p HARQ-CC. This is due to the path-loss
gain that leads to a power saving. Furthermore, the cooperative HARQ-I outperforms the p2p HARQ-
CC scheme. Thus, the path-loss gain induced by cooperation is more important than the temporal
diversity offered by the p2p HARQ. However, using cooperation and comparing HARQ-I to HARQ-CC,
a substantial SNR gain can also be achieved due to the packet combining with the previous erroneous
packets and hence it increases the probability of successful decoding of each transmitted packet.
MCS Nmax 2 5 10
Coop. CC vs. p2p CC 3.32 4.08 4.87
BPSK - Rc = 1 Coop. CC vs. Coop. I 1.18 2.21 2.93
Coop. I vs. p2p CC 2.14 1.87 1.94
Coop. CC vs. p2p CC 2.84 3.96 4.88
BPSK - Rc =
1
2 Coop. CC vs. Coop. I 0.87 2.59 3.47
Coop. I vs. p2p CC 1.97 1.37 1.41
Table 3.3: SNR gain in dB for different schemes at PER = 10−3
Finally, we can conclude the following:
• As Nmax increases, the system reliability and the SNR gain enhance significantly.
• Cooperation enhances the system reliability.
• Cooperative HARQ-CC outperforms p2p HARQ-CC and cooperative HARQ-I.
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Figure 3.3: Theoretical and simulated average delay in time slots (TS) versus γeff in dB
for coded and non-coded cooperative HARQ-I, cooperative HARQ-CC and p2p HARQ-
CC schemes and for Nmax = [2, 5, 10]
3.7.2 Average delay versus γeff
Figs. 3.3a, 3.3b and 3.3c display the theoretical and the simulated average delay in TS versus γeff
for p2p HARQ-CC, cooperative HARQ-I and cooperative HARQ-CC schemes, respectively for Nmax =
2, 5 and 10. The theoretical approximation matches perfectly the simulated one. As expected, as γeff
increases, the average delay of the system decreases and it converges to 1 at high SNR.
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For Nmax = 2, fig. 3.3a shows that the average delay induced by the three schemes is approximately the
same. However, introducing a channel code, the average delay enhances and we have a gain of about 3.5
dB in the transition region. But, the average delay is also the same for all schemes. Moreover at high
γeff , the SNR gain between coded and non-coded schemes degrades significantly.
Now, increasing Nmax to 5 or 10 TSs (figs. 3.3b and 3.3c), it can be stated that a substantial gain is
enabled by the cooperative HARQ-CC scheme compared to cooperative HARQ-I and p2p HARQ-CC
schemes. Moreover, the simple HARQ-I has a better performance w.r.t. p2p HARQ-CC. With reference
to figs. 3.3a, 3.3b and 3.3c it can be clearly noticed that the average delay decreases sharply for all
schemes as Nmax increases. Therefore, cooperative HARQ-CC has the better performance in terms of
the average delay, since it jointly exploits the spatial and temporal diversities offered by the relaying and
packet combining techniques respectively.
3.7.3 ηT versus γeff
Figs. 3.4a, 3.4b and 3.4c depict the throughput efficiency ηT versus γeff respectively for Nmax = 2, 5
and 10. It can be clearly seen that our theoretical analysis are also tight enough to compute ηT . Moreover,
the cooperative HARQ-CC outperforms the p2p HARQ-CC and the cooperative HARQ-I for both coded
and non-coded schemes. Now comparing the coded scheme to the non-coded one, the coding gain can
be seen at low SNR region. However, if one built a system operating at Nmax = 2 and if throughput
efficiency is less than 0.2, the coded cooperative HARQ-CC scheme enables better throughput efficiency.
Furthermore, if the requested throughput is greater than 0.2, the coded scheme has a negative influence on
the throughput efficiency and hence a higher code rate must be used. However, for cooperative HARQ-I
and p2p HARQ-CC schemes, the coded curve intersects with the non-coded one respectively at a γeff = 3
and 3.5 dB which also correspond respectively to a throughput efficiency of 0.25 and 0.32.
Moreover, increasing Nmax to 5 or 10 respectively in figs. 3.4b and 3.4c, the enabled system throughput
Scheme Nmax (SNR , ηT )
2 (5.7 , 0.32)
p2p HARQ-CC 5 (6.8 , 0.36)
10 (6.85 , 0.36)
2 (3.1 , 0.25)
Coop. HARQ-I 5 (4.25 , 0.29)
10 (4.5 , 0.31)
2 (2 , 0.22)
Coop. HARQ-CC 5 (1.5 , 0.22)
10 (1.4 , 0.22)
Table 3.4: Intersection points between coded and
non-coded HARQ schemes ηT
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Figure 3.4: Theoretical and simulated throughput efficiency (ηT ) versus γeff in dB for
coded and non-coded Cooperative HARQ-I, Cooperative HARQ-CC and p2p HARQ-CC
schemes and for Nmax = [2, 5, 10]
enhances significantly and table 3.4 shows the intersection points between coded and non-coded curves
for the same scheme. It can be further shown that if the demanded throughput is greater than the one
provided in table 3.4 then the coded scheme may be detrimental for the system throughput efficiency.
This drastic degradation in the throughput efficiency shows that coded HARQ is code rate dependent,
in which at high SNR, the achievable throughput efficiency is equal to the coding rate R0. Since, by
74 Chapter 3. Performance Metrics Analysis of Hybrid-ARQ Schemes
referring to eq. (3.18) and at high SNR, the PER tends to zero and N t tends to 1 and hence ηT → R0.
However, the throughput efficiency for non-coded scheme reaches to 1 at high SNR. Thus, this shows
the main drawback of HARQ schemes with fixed coding rate which imposes a limitation on the system
throughput efficiency.
3.7.4 ηT versus dr
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(c) HARQ-I scheme of Pt = 35 dBm
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Figure 3.5: Theoretical and simulated ηT versus relay position dr for non-coded cooperative HARQ-I and
cooperative HARQ-CC schemes. The transmission powers are Pt = 35 and 45 dBm and Nmax ∈ [2, 5, 10]
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In this section, we consider a non-coded BPSK modulation with s, r and d are collinear. The
destination d is fixed at a distance 1000 m from s. The relay distance dr is assumed to vary in the
interval [100, 900] m. Therefore, fig. 3.5 displays the theoretical and the simulated throughput efficiency
ηT w.r.t. dr for HARQ-CC and HARQ-I and Pt = 35 and 45 dBm. At Pt = 35 dBm the throughput
efficiency reaches its maximum at dr = 500 m for both schemes. However, increasing Nmax, ηT increases
to achieve 0.12 and 0.25 at Nmax = 10 for HARQ-I and HARQ-CC schemes respectively. Thus, using
HARQ-CC, ηE is doubled and hence HARQ-CC has a better performance compared to HARQ-I.
Now, increasing Pt to 45 dBm, ηT achieves also its maximum at dr = 500 m but it has a smooth
variation compared to the sharp variation observed in figs. 3.5a and 3.5c, i.e. for Pt = 35 dBm. Moreover,
the maximum of ηT that can be achieved at Nmax = 5 or 10 is 0.54 and 0.52 for HARQ-CC and HARQ-
I respectively. Thus the throughput gain of HARQ-CC relative to HARQ-I degrades. Even though,
increasing Nmax to 10 has no more influence on the throughput gain of the same scheme. Since, at high
transmission power, the probability of decoding successfully a packet at the first instant increases and
hence the HARQ-I and HARQ-CC have the same performance.
In short, we can conclude that in low and medium transmission power regions, the HARQ-CC scheme
has a better performance compared to HARQ-I. However, at high transmission power, this gain is no
longer achievable. Moreover, choosing the better Nmax and allocating the optimal transmission power Pt
could be beneficial for system throughput efficiency.
3.7.5 ηT versus dr and θr
Consider that the transmission power is Pt = 35 dBm and the system operates at Nmax = 5. Using
our theoretical analysis, figs. 3.6a and 3.6b display ηT versus the relay distance dr in m and the relaying
angle θr in rad for HARQ-I and HARQ-CC respectively. From figs. 3.6a and 3.6b, it can be seen that
for both HARQ schemes, the maximum of ηT can be achieved if (dr, θr) = (500, 0), i.e. s, r and d are
collinear and r is in the middle. However, the obtained throughput efficiency is 0.08 and 0.15 for HARQ-I
and HARQ-CC respectively.
Since the delivered ηT is very low, the transmission power Pt is changed to 45 dBm and ηT for the HARQ-I
and HARQ-CC are displayed in figs. 3.6c and 3.6d respectively. Therefore, the delivered throughput for
both schemes becomes more flat and also the maximum achieved throughput is about 0.5 for HARQ-I
scheme and 0.55 for HARQ-CC scheme. Moreover, the minimum achieved throughput for HARQ-CC is
about 0.45 at the border positions, in which the HARQ-I scheme delivers about 0.3.
Now, in order to compare HARQ-CC to HARQ-I scheme, figs. 3.7a and 3.7b depict the relative gain
of HARQ-CC scheme compared to HARQ-I scheme respectively for Pt = 35 and 45 dBm. The relative
gain is defined as follows:
GηT =
∣∣∣ηT(HARQ-CC) − ηT(HARQ-I)∣∣∣
ηT(HARQ-CC)
× 100% (3.59)
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(d) HARQ-CC scheme of Pt = 45 dBm
Figure 3.6: ηT for cooperative HARQ-I and HARQ-CC schemes versus relay position dr and relaying angle
θr, for Nmax = 5 and Pt = 35 and 45 dBm
From fig. 3.7a, we observe that if the relay is located at (dr, θr) = (500, 0), the obtained relative gain is
about 50%. As the relay becomes faraway from this position the relative gain of HARQ-CC increases to
achieve a gain of more that 90 % compared to HARQ-I scheme. Moreover, at Pt = 45 dBm (fig. 3.7b),
the minimum achieved gain is about 10% and is at the position (dr, θr) = (500, 0). However, at the border
positions, the achieved relative gain exceeds 30%.
Therefore, by increasing the transmission power, the relative gain degrades significantly. Since at high
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Figure 3.7: ηT Relative Gain between cooperative HARQ-CC and HARQ-I schemes versus relay position
dr and relaying angle θr, for Nmax = 5 and Pt = 35 and 45 dBm
transmissions power, the probability of successfully receiving a packet at the first transmission instants
increases in both schemes and hence the throughput gain of HARQ-CC compared to HARQ-I decreases.
Once again, we can conclude that HARQ schemes are useful at low and medium transmission power
ranges and HARQ-CC has a significant relative gain compared to HARQ-I.
3.8 Outage Probability in HARQ Networks
Slow variation of channel fading during data communication makes the average of a given performance
metric useless, since it yields to different values for each channel realization. Thus, the concept of
outage is meaningful, which quantifies the probability that a given performance metric could not be met.
Therefore, closed form representations of the outage probability for a given service is needed. In addition,
the evaluation of the outage probability by simulations is very costly in time and analytical studies as
proposed in this work might be very useful to save simulation time.
In this section, the QoS of interest is the probability that the average delay for transmitting a packet,
due to numerous retransmissions, exceeds a threshold θm due to quasi-static channel. The average delay
is understood as the average delay in presence of AWGN for a given channel realization. In most practical
operating conditions, the number of allowed retransmissions for one packet is sufficiently large to consider
that it is infinite without impacting too much the system performance. For quasi-static channel, in which
the channel state varies slowly in time, the channel can be considered as Gaussian for one channel
realization and hence the average delay can be computed in this framework, but outage is later invoked
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to take into account the slow variation of the channel.
To the best of our knowledge, there is no work dealing with the delay outage probability considering
relay-assisted communications and HARQ mechanisms.
3.8.1 System model and end-to-end delay
System model: In this section, we consider a quasi-static channel, where the complex channel realiza-
tions hsd, hsr and hrd are assumed to be constant during the transmission of one block and vary for each
successfully received block. We assume that each block contains a large number of packets which enables
to analyze the average delay. The system descriptions and protocol are given in section 3.2.
The instantaneous PER P (γij) in the link i− j can be efficiently approximated by:
P (γij) =
{
1
1+exp (a(γij−γth)) if γij > 0
1 if γij = 0
∀ij ∈ {sd, sr, rd} (3.60)
with a and γth are curve fitting parameters depending on the MCS.
End-to-end delay: Consider that the HARQ-I scheme is adopted, i.e the decoding events at the
instants n and n−1 are assumed to be independent at each node. Moreover, in most practical conditions
the number of allowed retransmissions, Nmax, is large enough to neglect the packet loss and hence can be
considered as infinite [75]. Therefore, in the case of a direct transmission with d, the average delay per
received packet is [75,77]:
N
d
s =
+∞∑
n=1
nQds(n) (3.61)
where Qds(n) is the successful decoding probability at the instant n which is equal to the probability that
d does not decode at the instants 1, 2, · · · , n−1 but decodes at n. Hence, Qds(n) = P (γsd)n−1(1−P (γsd))
and using [76, eq. (2) §0.231, pp. 8], we obtain:
N
d
s =
1
1− P (γsd) (3.62)
Let us consider that the relay r has been selected to help d. The average delay induced when s transmits
is:
N
c
s =
+∞∑
n=1
nQcs(n) (3.63)
with Qcs(n) being the successful decoding probability at d or r at the instant n due to s transmissions.
The correct (or not) decoding events at d and r are independent, hence the error probability at any
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instant is P (γsd)P (γsr). Moreover, the error events are independent from one time slot to another; Q
c
s(n)
is hence given by Qcs(n) = (1− P (γsd)P (γsr))(P (γsd)P (γsr))n−1 and using [76, eq. (2) §0.231, pp. 8], we
have:
N
c
s =
1
1− P (γsd)P (γsr) . (3.64)
If at the instant n′, the user has not received the packet and the relay r has successfully decoded it, s
stops transmitting the packet, while r continues to forward the packet to d. Thus, the average delay
induced when r transmits is:
N
c
r =
( ∞∑
n′=1
Qcsr(n
′)×
∞∑
n=n′+1
(n− n′)Qcrd(n)
)
(3.65)
where Qcsr(n
′) is the successful decoding probability at r at n′ and considering that d has not decoded.
Qcrd(n) is the successful decoding probability at d due to r transmissions at the instant n > n
′. Hence,
Qcsr(n
′) = P (γsd)n
′
P (γsr)
(n′−1) (1− P (γsr)) and Qcrd(n) = P (γrd)(n−n
′)(1−P (γrd)) (r starts transmission
at the instant n′ + 1). Using (3.65) and [76, eq. (2) §0.231, pp. 8]:
N
c
r =
(
P (γsd)(1−P (γsr))
1−P (γsd)P (γsr)
)(
1
1−P (γrd)
)
(3.66)
The end-to-end average delay (in AWGN channel) per successfully received packet at d is:
N
c
= N
c
s +N
c
r (3.67)
3.8.2 Outage probability derivation
The delay outage probability P (O) is defined as the probability that the delays of direct and relay-
assisted communications exceed a threshold θm and is given by:
P (O) 4= P
(
N
c
s +N
c
r > θm;N
d
s > θm
)
(3.68)
Theorem 1. In quasi-static Rayleigh fading channels and relay-assisted communications using DF pro-
tocol, the delay outage probability P (O) can be efficiently approximated by the following expressions:
P (O) = P(1) (O1) + P(1) (O2) + P(2) (O1) + P(2) (O2) (3.69)
with
P(1)(O1) = G
(
(γsd)
−1)− e− γthγ2 (α1) 1aγ2 I0 (3.70)
P(2)(O1) + P(2)(O2)=
{
1−exp
(
−pγsd−1(α2)γsd
)
if θm < 2
0 otherwise
(3.71)
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λ1 λ2 λ3
Eq. (3.73a) 1− α1 exp(−aγth)a(1−α1) 1a(1−α1)
Eq. (3.73b) 11
P (γm)
− 1
θm−1
− 1 λ1a exp (a(γm − γth)) λ1a exp (−aγth)
Eq. (3.73c) g(γm)
g(γm)
1−g(γm)
exp (−aγth)
aλ2(1−λ2)
Table 3.5: Taylor expansion parameters of eqs. (3.73a), (3.73b) and (3.73c)
P(1)(O2) = exp
(
−γth
γsr
)
I1 − I2
(
(θm − 1)
1
γrd
aγsr
)
× exp
(
−
(
γth
γsr
+
γth
γrd
))
β
(
1
aγrd
+ 1,
1
aγsr
)
(3.72)
where I0, I1 and I2 are approximated by:
I0≈(λ1)
−1
aγsr
[(
1− λ2
γsr
)
G
(
1
γsd
)
− λ3 exp (−aγth)
(γsr)(aγsd − 1)
G
(
1
γsd
− a
)]
(3.73a)
I1 ≈ (λ1)
−1
aγsr
[
(1− λ2)G
(
1
γsd
)
− λ3
γsr(aγsd − 1)
G
(
1
γsd
− a
)]
(3.73b)
I2 ≈ (λ2)
1
aγsr (λ1)
1
aγrd
[(
1− λ3
(
(1− λ2)
γsr
+
1
γrd
)
exp(aγm)
)
× G
(
1
γsd
)
−
(
λ3
aγsd − 1
)(
(1− λ2)
γsr
+
1
γrd
)
G
(
1
γsd
− a
)] (3.73c)
with α1 =
θm−1
θm
, α2 = min{θm− 1, 1}, γm = P
−1
γsd
(α1)+P
−1
γsd
(α2)
2 , G (x) and the inverse of the PER P
−1
γij are
respectively defined by
G (x)
4
= exp
(−P−1γsd(α2)x)− exp (−P−1γsd(α1)x)
P−1γij =
{
1
a ln
(
1
P (γij)
− 1
)
+ γth if P (γij) < 1
0 if P (γij) = 1
∀ij
and the variables, λ1, λ2 and λ3 are defined table 3.5.
Proof. The proof of Theorem 1 is given in Appendix B. 
3.8.3 Simulation results
In our simulations, BPSK modulation and LDPC code are adopted. Each packet contains 102 bits
and the coding rate is Rc = 1/2. In addition to block fading, we consider a free path-loss propagation
model plij = 1/d
κ
ij , where dij is the distance of the i− j link ∀ij ∈ {sd, sr, rd}, plij is the associated
path-loss and κ = 2 being the path-loss exponent. Assuming equal power at each transmitting node,
then γij |dB = γsd |dB + 10.κ. log10 (dsd/dij) for ij = {sr, rd}. We consider that dsr = drd = dsd/2. The
3.8. Outage Probability in HARQ Networks 81
−10 −5 0 5 10 15 20 2510
−4
10−3
10−2
10−1
100
O
u
ta
ge
P
ro
b
ab
il
it
y
Eb
N0
dB
 
 
Non coded - Sim.
Coded - Sim.
Non coded - Sim.
Coded - Sim.
Theo.
θm = 1.5
θm = 4
Figure 3.8: Outage probability P(O) vs. Eb
N0
for θm = 1.5 and 4 TS
1 1.5 2 2.5 3 3.5 4 4.5 510
−4
10−3
10−2
10−1
100
O
u
ta
ge
P
ro
b
ab
il
it
y
Delay constraint θm
 
 
Non coded - Sim. EbN0 = 10 dB
Non coded - Sim. EbN0 = 15 dB
Coded - Sim. EbN0 = 10 dB
Coded - Sim. EbN0 = 15 dB
Theo.
Figure 3.9: Outage probability P(O) vs. θm for EbN0 = 10 and 15 dB
82 Chapter 3. Performance Metrics Analysis of Hybrid-ARQ Schemes
PER fitting parameters are a = 1.22, γth = 2.94 and a = 7.44, γth = 1.34 for non coded and coded packets
respectively.
Fig. 3.8 depicts the outage probability w.r.t. Eb/N0 for θm ∈ {1.5, 4} time slots (TS). Our theoretical
analysis, labeled as ”Theo” in figures, are verified thanks to Monte Carlo simulations. The approximations
made are sufficient to predict the real behavior of the delay outage probability, provided that fitting
parameters γth and a are well known for the considered MCS. We can observe that as θm increases, the
outage probability significantly decreases for coded and uncoded schemes.
Fig. 3.9 shows the variation of the outage probability w.r.t. the required QoS θm for Eb/N0 = 10
and 15 dB. We can observe an interesting behavior on the outage probability which sharply decreases for
θm>2. It corresponds to the fact that for θm < 2 the probability to be in outage is very high due to the
too much stringent requirement on the delay. Such a requirement implies that certain number of packets
must be decoded in the first transmission instant, i.e. in the link s − d, reducing the diversity order of
the system. On the contrary, for θm ≥ 2 a packet has two ways to reach the destination, i.e. the direct
link, s−d, or the relay link, s− r−d, increasing the diversity order of the system and making the outage
probability more governed by the received SNR. This behavior can be also interpreted with our theorem;
if θm < 2 then P(2)(O1) + P(2)(O2) 6= 0 in eq. (12) and for θm ≥ 2 then P(2)(O1) + P(2)(O2) = 0 reducing
significantly the outage probability.
3.9 Conclusions and remarks
The contributions of this chapter are summarized as follows:
1. In block fading channel, different HARQ schemes in direct and relay-assisted networks have been
analyzed. Closed form expressions of the packet error rate, end-to-end delay, throughput efficiency
for p2p HARQ-CC, cooperative HARQ-I and cooperative HARQ-CC are provided.
2. In quasi-static fading channel, we provided theoretical analysis of the delay outage probability for
relay-assisted HARQ-I based systems.
We think that the suggested theoretical analysis in 1 and 2 allow to save an important amount of simula-
tion time. Hence, it might be useful to precisely and rapidly evaluate the performance metrics of future
relay-assisted networks. Moreover, the derived expressions can be useful for all modulation and coding
schemes.
Several remarks are also drawn:
1. These analyses focus on the QoS without invoking the energy consumption. Thus, what is about
the energy efficiency of these HARQ schemes?
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2. HARQ schemes are efficient at low and medium transmission powers. Hence, an optimal power
allocation at the source and the relay is needed.
Therefore, in the next chapter we focus on the energy efficiency analysis of these HARQ schemes. More-
over, we study an energy minimization algorithm for multiuser relay-assisted HARQ based networks.
CHAPTER
4 Energy Efficient Relay-assistedHybrid-ARQ Networks
4.1 Introduction
Quality of service (QoS) and energy consumption are two important metrics to evaluate the perfor-
mance of wireless green cellular networks [36, 37]. Fundamentally, the energy consumption is power and
time dependent. However, it has been shown that introducing intermediate relays between two com-
municating nodes enables to transmit over short distances and may enhance the QoS. Thus, exploiting
the spatial diversity enabled by the relaying schemes leads to a power saving. Moreover, in non-reliable
communications, i.e. non-zero PER, the delay induced by the retransmission mechanism of erroneous
packets has certainly an impact on the energy consumption. Thus, exploiting the temporal diversity of-
fered by the HARQ schemes could reduce energy consumption. Therefore, optimizing jointly the available
resources and considering the HARQ mechanisms in relay-assisted networks could be energy efficient for
cross-layer schemes.
Recently, it has been stated in [21,22], that there is a tremendous waste of energy in the core network.
This waste is due to the energy consumed from data transportation, data generation and data processing.
This issue is of particular importance in future wireless systems where the distances between terminals are
becoming smaller and hence the circuitry energy consumption has the same order of the energy consumed
for data transmission. Therefore, these sources of energy consumption must be certainly considered when
optimizing resources.
The traditional resource allocation policies, focusing on throughput maximization, are generally in-
efficient in terms of energy consumption (see [37, 38] and references therein) as it has been shown in
chapter 2. Hence, an important effort has been recently granted toward energy efficient and reliable
communications. On one hand, we find works on energy minimization based on information theoretical
approaches [39–41]. On the other hand, most of works on cellular green networks focus on the energy
minimization or efficiency with reliable communications, i.e. capacity limited links [78]. The design of
techniques in multiuser (MU) context to minimize the energy consumption under non-reliable communi-
cations, is a challenging task for the scientific community to enhance future cellular networks.
In [47] the authors studied the energy efficiency for cooperative and non cooperative HARQ schemes
by minimizing the energy consumed for a single user under outage probability constraint. In our previous
work [77], the energy efficiency in relay-assisted HARQ scheme is analyzed for single network without
considering any resource optimization. In [48], the authors studied the energy efficiency for DF, AF and
84
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CF relaying schemes with HARQ under outage probability and delay constraints. It is also convenient to
note an important amount of work for WSN in which the energy consumption is of crucial importance [44].
However, all works above did not jointly consider the resource allocation strategy in MU cellular context
with HARQ schemes under QoS constraint. The main challenge comes from the need of a closed-form
expression of the PER with HARQ in order to express the delay requirements [49].
The contribution of this chapter lies in two folds:
• In the first part, we provide theoretical analyses of the energy efficiency for different HARQ protocols
in point-to-point (p2p) and relay-assisted communications.
• Based on these analyses, we propose a new resource allocation algorithm for MU relay-assisted
HARQ-I network that aims to allocate powers at BS and RS and select the optimal relay that
minimizes the overall energy consumption. The QoS of interest in this work is the end-to-end
average delay, in time slots (TSs), needed to successfully receive a packet. Thus, a delay constraint
for every user must be guaranteed. In addition, an overall power constraint must be respected.
The resource scheduler at BS is assumed to have only a knowledge about the average channel
statistics but no instantaneous CSI. In this work, we firstly try to give a formulation of the energy
minimization problem by introducing another variables that permit to efficiently solve this problem
by Lagrange dual optimization. Then, the convexity of this problem is proved leading to a global
optimal solution. Finally, an energy minimization algorithm that allocates the optimal powers
between users is proposed.
To the best of our knowledge, this is the first work that jointly considers an HARQ scheme and a
given modulation and coding schemes (MCS) in multiuser relay-assisted network that aims to minimize
the overall energy for delay constrained users.
4.2 Energy efficiency analysis
Based on the analysis of the error probability described in the previous chapter, the energy efficiency
ηE in bits/joule is defined as:
ηE = L
1− PER
E[Eagg]
bits/joule, (4.1)
where the PER is derived in chapter 3 and E[Eagg] is the average aggregate energy consumed during
the retransmission mechanism. Let us assume that the average energy consumed due to relay-assisted
communications can be split into two terms as follows:
E [Eagg] = E [Es] + E [Er] (4.2)
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where E [Es] and E [Er] are the average energy consumed during the retransmission mechanism when s
and r transmit respectively. Therefore, E [Es] can be written as follows:
E [Es] =
Nmax−1∑
n=1
Es(n)
(
Qsd(n)Psr(n− 1) + Psd(n)Qsr(n)
)
+Es(Nmax)
(
Qsd(Nmax)Psr(Nmax − 1)
)
+Es(Nmax)
(
Psr(Nmax − 1)Psd(Nmax)
)
(4.3)
where Es(n) is the consumed energy till the instant n, when s transmits. Moreover, E [Er] is expressed
as:
E [Er] =
Nmax−1∑
n′=1
Qsr(n
′)
( Nmax∑
n=n′+1
Er(n− n′)Qrd(n, n′) + Er(Nmax − n′) Prd(Nmax, n′)
)
(4.4)
where Er(n) is the consumed energy till the instant n, when r transmits. When s transmits, the two
receiving nodes r and d consume both energy of their circuitry and for transmitting N/ACK messages.
Therefore, considering HARQ-I and HARQ-CC, the consumed energy Es(n) at the instant n can be
written as:
Es(n) = n(Etx + 2Erx + 2EACK) (4.5)
with Etx, Erx and EACK are respectively defined in eqs. (1.26), (1.27) and (1.28) in chapter 1 and
reminded here:
Etx =
L
RbR0
.(Ptx + βamp.Pt) (4.6a)
Erx =
L
RbR0
.Prx (4.6b)
EACK = τack.(Etx + Erx) (4.6c)
Moreover, for each transmitted packet from r, d sends N/ACK packets to s and r and hence Er(n) can
be written as:
Er(n) = n(Etx + Erx + 2EACK) (4.7)
Therefore, from eqs. (4.3) and (4.4), E[Er] and [Es] can be respectively written as:
E[Es] = (Etx + 2Erx + 2EACK).N s (4.8a)
E[Er] = (Etx + Erx + 2EACK).N r (4.8b)
where N s and N r are derived in chapter 3. Moreover, using the derived closed form of PER in chapter
3, the energy efficiency ηE in eq. (4.1) can be theoretically analyzed.
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Figure 4.1: Relay-assisted scheme
Table 4.1: System model parameters
Parameters Description value
Ptx transmitter circuitry power 20 dBm
Prx receiver circuitry power 20 dBm
τ ACK ratio 0.08125
Numerical analysis
In our simulation settings, the system parameters adopted in chapter 3 are used and the other system
parameters are tabulated in Table 4.1 [45]. We consider a relay-assisted scheme as depicted in fig. 4.1
where the destination d is located at a distance l = 1000 m from s. The relay r is also assumed to
be located at a distance dr = l/2 from s with θr = pi/6 rad, fig. 4.1. The schemes p2p HARQ-CC,
Cooperative HARQ-I and Cooperative HARQ-CC are compared for Nmax = [2, 5, 10] and for coded and
non-coded schemes, otherwise mentioned.
Energy efficiency ηE versus Pt: Figs. 4.2a, 4.2b and 4.2c depict the theoretical and simulated
energy efficiency ηE in bits/joule versus the transmission power Pt for Nmax = 2, 5 and 10 respectively.
First of all, we notice that our theoretical analyses are tight enough to evaluate ηE for different HARQ
schemes. We remark that ηE has an interesting behavior, where for a given power range it increases
(called range 1) to achieve a maximum, then it starts to decrease (called range 2). Therefore, in range
1, the increase of ηE w.r.t. Pt is due to the fast decrease in the average delay that leads to a lower
energy consumption. Moreover, we can notice that there is an optimal power that enables a maximum
energy efficiency. However, after achieving a maximum, the decreasing behavior of ηE is due to the high
increase in the transmission power and to the average delay that reaches to a steady state. In other
words, referring to eq. (4.1) and at high Pt, the PER tends to zero and the average delay tends to 1.
Thus, the energy efficiency became inversely proportional to Pt, i.e. ηE ∝ 1Pt .
Consider a non-coded scheme and Nmax = 2, the maximum energy efficiency achieved by p2p HARQ-
CC is about 1450 bits/joule, Coop. HARQ-I is 2000 bits/joule and Coop. HARQ-CC is nearly 2500
bits/joule. Then, introducing a coded scheme, it can be noticed that there is a power shifting in all
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Figure 4.2: Theoretical and simulated ηE in bits/joule versus Pt in dBm for
coded and non-coded Cooperative HARQ-I, Cooperative HARQ-CC and p2p
HARQ-CC schemes and for Nmax = [2, 5, 10]
HARQ schemes. In range 1, ηE is more energy efficient compared to the non-coded one. In contrast,
at high transmission power (range 2), the non-coded schemes have better energy efficiency. Indeed, at
high Pt, the probability of successfully receiving a packet at the first transmission instant increases for
both schemes, however the consumed energy by the coded one stays 1/R0 of the energy consumed by the
non-coded one.
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Now increasing Nmax to 10, the energy efficiency for all HARQ schemes enhances significantly to
achieve a maximum of about 2400 bits/joule for p2p HARQ-CC, 3300 bits/joule for Coop. HARQ-I and
6800 bits/joule for Coop. HARQ-CC. We can further observe that the required power to achieve these
maximums became lower as Nmax increases. Therefore, this explains that HARQ schemes become more
power and energy efficient as the number of allowed retransmissions increases. Indeed, increasing Nmax,
enables more reliable transmissions and hence enhances ηE . However, this result is also governed by the
allocated power, where at higher transmission power, ηE becomes the same for all Nmax.
In summary, we can conclude that the higher Nmax is, the more power and energy efficient communi-
cations are for all HARQ types. Moreover, cooperative HARQ-CC protocol has the better performance
compared to other protocols, since it jointly exploits the path-loss gain offered by the relaying scheme
and also the temporal diversity enabled by the packet combining technique.
Energy efficiency ηE versus dr: We consider a non-coded communication (the same conclusion can
be drawn for coded communications) and that s, r and d are collinear and the relay distance dr from s
is varying in the interval [100, 900] m.
For Nmax = [2, 5, 10] and at Pt = 35 and 45 dBm, the variation of ηE in bits/joule w.r.t. dr in m is
depicted in figs. 4.3a and 4.3b for HARQ-I and figs. 4.3c and 4.3d for HARQ-CC respectively. Firstly,
we can observe that the energy efficiency has the same behavior as the throughput efficiency observed in
chapter 3 and at dr = 500 m, ηE achieves its maximum. Thus, this gives an insight about the optimal
relay deployment that leads to the best energy efficiency.
For a desired Nmax = 2 and at Pt = 35 dBm, ηE provided by HARQ-I and HARQ-CC are slightly
different. This shows that the number of allowed retransmissions are not sufficient to observe the gain
of HARQ-CC w.r.t. HARQ-I. Moreover, the obtained energy efficiency is very low since there is no
enough transmission power that leads to an efficient transmission. However, increasing Nmax to 5 or
10, ηE enhances significantly for both schemes with ηE delivered by HARQ-CC is doubled compared to
HARQ-I. Thus, increasing the number of allowed retransmissions, compensates the lack of transmission
power and hence enhances the temporal diversity enabling higher energy efficiency. Moreover, at low
transmission power, we can conclude that the energy efficiency becomes more impacted by the relay
position in which near dr = 500 m, the energy efficiency is very high. However, at border relay positions
it degrades significantly.
For Pt = 45 dBm and Nmax = 2, the energy efficiency in both schemes enhances. In contrast,
allowing Nmax to be 5 or 10 has a minimal influence on ηE in both HARQ schemes. Higher Pt makes the
transmitted packet to be received at the first transmission instants and hence the HARQ mechanisms are
useless.
In conclusion, adopting HARQ-CC scheme, deploying optimally the relay and choosing carefully the
maximum number of allowed retransmissions and the allocated power enable energy efficient communi-
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(b) HARQ-I scheme of Pt = 45 dBm
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(c) HARQ-CC scheme of Pt = 35 dBm
100 200 300 400 500 600 700 800 9001500
1600
1700
1800
1900
2000
2100
2200
η E
b
it
s/
jo
u
le
Relay distance in m
 
 
Theo. Nmax = 2
Sim. Nmax = 2
Theo. Nmax = 5
Sim. Nmax = 5
Theo. Nmax = 10
Sim. Nmax = 10
Nmax = 5 and 10
(d) HARQ-CC scheme of Pt = 45 dBm
Figure 4.3: Theoretical and simulated ηE versus relay position dr for non-coded cooperative HARQ-I and
cooperative HARQ-CC schemes. The transmission powers are Pt = 35 and 45 dBm and Nmax ∈ [2, 5, 10]
cation.
Energy efficiency ηE versus dr and θr: Consider that a non-coded modulation is adopted and the
system operates at Nmax = 5. At Pt = 35 dBm, figs 4.4a and 4.4b depict ηE in bits/joule versus relay
position designated by (dr,θr), for HARQ-I and HARQ-CC respectively. As the analysis of the throughput
efficiency in chapter 3, ηE achieves its maximum at (dr, θr) = (500, 0), i.e. s, r and d are collinear and
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(b) HARQ-CC scheme of Pt = 35 dBm
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(c) HARQ-I scheme of Pt = 45 dBm
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(d) HARQ-CC scheme of Pt = 45 dBm
Figure 4.4: ηE for cooperative HARQ-I and HARQ-CC scheme versus relay position dr and relaying angle
θr, for Nmax = 5 and Pt = 35 and 45 dBm
r is located at the middle. However, HARQ-I achieves 3000 bits/joule and HARQ-CC achieves about
6000 bits/joule. Moreover, as the relay becomes far from (500,0) position, the energy efficiency decrease
drastically in both schemes. However, HARQ-I has a sharper form w.r.t. HARQ-CC. This significant
gain of ηE is due to the packet combining technique which enhances the reliability for each retransmitted
bit in the same packet.
For Pt = 45 dBm (Figs. 4.4c and 4.4d), a smooth variation on the energy efficiency can be observed.
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Figure 4.5: ηE Relative gain between cooperative HARQ-CC and HARQ-I schemes versus relay position dr
and relaying angle θr, for Nmax = 5 and Pt = 35 and 45 dBm
However, the maximum on ηE is always achieved at (dr, θr) = (500, 0) with about 1800 bits/joule and
2100 bits/joule for HARQ-I and HARQ-CC respectively. Therefore, ηE degrades significantly in both
schemes and HARQ-CC has no substantial gain w.r.t. HARQ-I. This is due to the high transmission
power that increases the energy consumption and hence degrades ηE .
To conclude, the lower the transmission power is, the higher the network geometry impacts the energy
efficiency.
Relative gains: At Pt = 35 and 45 dBm, figs. 4.5a and 4.5b depict the relative gain in terms of energy
efficiency for HARQ-CC compared to HARQ-I. Its clearly shown that at 35 dBm, the minimum relative
gain is about 40% at (dr, θr) = (500, 0). However, at border positions this gain enhances significantly to
achieve about 90%. Moreover, at Pt = 45 dBm, the achieved relative gain at (dr, θr) = (500, 0) is about
10%, where at border positions it enhances to about 30%.
As a summary, HARQ-CC enables a substantial gain for certain relay deployments and transmission
powers. At low transmission power, the relative gain depends on the relay position. However, high
transmission power makes the retransmission techniques inefficient in terms of energy and hence the
relative gain of HARQ-CC w.r.t. HARQ-I degrades.
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4.3 Energy minimization in HARQ-I relay-assisted networks
This section tackles an energy minimization problem in MU relay-assisted downlink cellular network.
The system is assumed to use the HARQ-I protocol and each user has an average delay constraint to be
satisfied. Moreover, the system has a total power constraint to be respected. The BS is assumed to have
only a knowledge about the average channel statistics but no instantaneous CSI. The contribution of
this section lies in three folds: i) We propose an approach for solving efficiently the energy minimization
problem by applying the Lagrange dual method, ii) we show that this optimization problem can be
conveniently expressed as function of quasi-convex constraints and affine objective function which leads
to an optimal solution. Then we prove that the energy consumption of the system is minimal if and
only if a high total power constraint is available. iii) Finally, an algorithm that jointly allocates the
optimal power at BS, the RS and selects the optimal relay (if cooperation is decided) in order to satisfy
the delay constrained users is proposed. The performed simulations show the improvement in terms of
energy consumption of relay-assisted techniques compared to non-aided transmission in delay-constrained
HARQ systems.
4.3.1 System and delay models
System model: We consider a MU downlink relay-assisted network consisting of a BS, a set of relays
K = {r1, · · · rK} deployed around BS and a set of randomly distributed users M = {u1, · · ·uM}. Users
are assumed to be simultaneously served due to the orthogonal channelization which can be performed
with OFDMA technique. Each receiving node is corrupted by an AWGN with variance σ2. In addition
to path-loss, we consider that each link suffers from a Rayleigh fading and the communication protocol
between BS and users is described in Section 3.2 in chapter 3. Moreover, each user um is assumed to have
an average delay constraint per received packet Dm to be satisfied and the network has a total power
constraint Ptot to be respected.
Delay model: In point-to-point communication, the average error probability P in Rayleigh fading
channel can be written as in chapter 3 eq. (3.26) 1:
P = 1−
(
gγ
1 + gγ
)
exp
(
−γM
γ
)
(4.9a)
≈ 1− exp
(
−
(
γM +
1
g
)
1
γ
)
(4.9b)
with a, g and γM = log(a)/g are the curve fitting parameters which depend on the adopted MCS.
1. At high γ, (4.9a) is approximated by (4.9b). ln
(
gγ
1+gγ
)
≈ −1
gγ
and then gγ
1+gγ
≈ exp
(
−1
gγ
)
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Considering a non truncated HARQ, i.e. Nmax → ∞, the average delay per received packet in the
case of direct transmission with um is defined as:
N
d
0,m =
1
1− P d0,m
, (4.10)
where P d0,m = 1 − exp
(−gd0,m/pd0,m) and gd0,m = (γM + 1/g) σ2pl0,m . P d0,m and pd0,m are respectively the
average PER and the allocated power in the (BS− um) link.
Let us consider that BS has selected the relay rk to help the user um. Therefore, the allocated
powers at BS and rk are respectively p
c
0,k,m and p
c
k,m. The PERs in the links (BS − um), (BS − rk)
and (rk − um) are respectively P c0,m = 1 − exp
(
−gc0,m/pc0,k,m
)
, P c0,k,m = 1 − exp
(
−gc0,k,m/pc0,k,m
)
and
P ck,m = 1 − exp
(
−gck,m/pck,m
)
. Where gc0,m = (γM + 1/g)
σ2
pl0,m
, gc0,k,m = (γM + 1/g)
σ2
pl0,k
and gck,m =
(γM + 1/g)
σ2
plk,m
and pl0,m , pl0,r and plk,m being the path-loss in the (BS− um), (BS− rk) and (rk − um)
links respectively. Therefore, under cooperation between BS and rk, the average delay induced when BS
is transmitting is given by eq. (3.64) in chapter 3 and reminded as follows:
N
c
0,k,m =
1
1− P c0,mP c0,k,m
(4.11)
If at any instant, the destination has not received the packet and the relay rk has successfully decoded it,
BS stops transmitting the packet, while rk continues to forward the packet to um. The average number
of transmissions by rk can be written as in eq. (3.66):
N
c
k,m =
(
P c0,m(1− P c0,k,m)
1− P c0,mP c0,k,m
)(
1
1− P ck,m
)
(4.12)
Hence, in the case of cooperation between BS and rk, the average delay per successfully received packet
at um is:
Nk,m = N
c
0,k,m +N
c
k,m (4.13)
Energy consumption model: In case of direct transmission with um, the energy consumed for trans-
mitting one packet E1(p
d
0,m) can be re-written as:
E1(p
d
0,m) = (Etx + Erx + EACK)
= k1 + k2p
d
0,m
(4.14)
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M∑
m=1
((
1−
K∑
k=1
sk,m
)
E1
(
pd0,m
)
D
d
0,m
(
pd0,m
)
+
K∑
k=1
sk,m
(
E2
(
pc0,k,m
)
D
c
0,k,m
(
pc0,k,m
)
+
D
c
k,m
(
pc0,k,m, p
c
k,m
)
E3
(
pck,m
) ))
(4.18)
with k1 =
2(1+τack)L
RbR0
pc, k2 =
(1+τack)L
RbR0
βamp and the circuitry power consumption pc = Ptx = Prx.
Therefore, the average energy consumed per received packet is:
E
d
0,m = E1(p
d
0,m)N
d
0,m (4.15)
For the case of cooperation between BS and a relay rk, a N/ACK message is sent from both um or rk for
each transmitted packet from BS. Furthermore, when rk is transmitting, a N/ACK message is sent from
um. Hence, using eqs. (4.8a) and (4.8b), the consumed energy for transmitting one packet from BS or
rk are respectively given by:
E2(p
c
0,k,m) = k3 + k4p
c
0,k,m (4.16a)
E3(p
c
k,m) = k5 + k6p
c
k,m (4.16b)
where k3 =
(
2(1+τack)L
RbR0
+ (1+2τack)LRbR0
)
.pc, k4 = k6 =
(1+2τack)L
RbR0
βamp and k5 =
2(1+2τack)L
RbR0
pc. Therefore, the
average energy consumed per received packet in relay-assisted mode is:
E
c
k,m = E2(p
c
0,k,m)N
c
0,k,m + E3(p
c
k,m)N
c
k,m (4.17)
4.3.2 Energy minimization problem
The overall energy consumption in the cell can be written as in eq. (4.18) at the top of page. The
left most term represents the overall energy consumed when a group of users is selected to communicate
directly with the BS, i.e.
∑K
k=1 sk,m = 0 and sk,m is a binary assignment variable equals to 1 if the relay
k is selected to help user m and zero otherwise. However, the right most term designates the energy
consumed for all users that adopt the relay-assisted mode, i.e. sk,m = 1.
Thereby, the optimization problem can be firstly formulated with the objective function in (4.18) and
has the constraints (c1), (c2), (c6) and (c7) defined in the optimization problem in (4.19), where
D
d
0,m(p
d
0,m) =
1
1− P d0,m
(4.20)
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min
λk,m
M∑
m=1
((
1−
K∑
k=1
sk,m
)
E1(p
d
0,m)N
d
0,m +
K∑
k=1
sk,m
(
E2(p
c
0,k,m)N
c
0,k,m + E3(p
c
k,m)N
c
k,m
))
subject to:
(c1) sk,m = {0, 1} ∀ (k,m) ∈ K ×M and
K∑
k=1
sk,m = {0, 1} ∀m ∈M
(c2)
(
1−
K∑
k=1
sk,m
)
N
d
0,m +
K∑
k=1
sk,m
(
N
c
0,k,m +N
c
k,m
) ≤ Dm ∀m ∈M
(c3) N
d
0,m = D
d
0,m(p
d
0,m) ∀m ∈M
(c4) N
c
0,k,m = D
c
0,k,m(p
c
0,k,m) ∀ (k,m) ∈ K ×M
(c5) N
c
k,m = D
c
k,m(p
c
0,k,m, p
c
k,m) ∀ (k,m) ∈ K ×M
(c6)
M∑
m=1
((
1−
K∑
k=1
sk,m
)
pd0,m +
K∑
k=1
sk,m(p
c
0,k,m + p
c
k,m)
)
≤ Ptot
(c7) p
d
0,m, p
c
0,k,m, p
c
k,m ≥ 0
(4.19)
D
c
0,k,m(p
c
0,k,m) =
1
1− P c0,mP c0,k,m
(4.21)
D
c
k,m(p
c
0,k,m, p
c
k,m) =
(
P c0,m(1− P c0,k,m)
1− P c0,mP c0,k,m
)(
1
1− P ck,m
)
(4.22)
The constraint (c1) ensures that only one relay can be selected per user, i.e. sk,m = 1 if the relay
rk has been selected to help the user um. If
∑K
k=1 sk,m = 0, then direct communication is preferable.
The constraint (c2) ensures that the average delay is less than or equal to Dm for every user um. The
constraint (c6) states that the overall allocated power (for BS and relays) is less than or equal to the
power constraint Ptot. Constraint (c7) ensures the positivity of the allocated powers.
This problem cannot be solved by optimizing directly over the variables pd0,m, p
c
0,k,m, p
c
k,m and the
integer variable sk,m. This is due to the existence of exponential, fractional and linear terms that make
this problem intractable. Thus we propose another formulation to solve this problem by optimizing
over the variables pd0,m, p
c
0,k,m, p
c
k,m and sk,m and considering that N
d
0,m, N
c
0,k,m and N
c
k,m ∀k,m are
also variables satisfying the new equality constraints in (c3), (c4) and (c5) respectively. Moreover, the
constraints (c3), (c4) and (c5) ensure respectively that the equalities in eqs. (4.20), (4.21) and (4.22) are
satisfied.
Hence, the energy minimization under average delay and power constraints can be formulated as in
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L =
M∑
m=1
K∑
k=1
sk,m
[(
E2(p
c
0,k,m) + γm
)
N
c
0,k,m +
(
E3(p
c
k,m) + γm
)
N
c
k,m −
(
E1(p
d
0,m) + γm
)
N
d
0,m
]
+
M∑
m=1
K∑
k=1
[
αc0,k,m
(
D
c
0,k,m(p
c
0,k,m)−N c0,k,m
)
+ αck,m
(
D
c
k,m(p
c
0,k,m, p
c
k,m)−N ck,m
)]
+
M∑
m=1
α0,m
(
D
d
0,m(p
d
0,m)−Nd0,m
)
+ µ
M∑
m=1
[(
1−
K∑
k=1
sk,m
)
pd0,m +
K∑
k=1
sk,m(p
c
0,k,m + p
c
k,m)
]
− µPtot
+
M∑
m=1
φm
(
K∑
k=1
sk,m − 1
)
+
M∑
m=1
[(
E1(p
d
0,m) + γm
)
N
d
0,m −γmDm
]
(4.23)
(4.19). One can notice that formulating the optimization problem with the objective function as in eq.
(4.18) is equivalent to (4.19) just by substituting the equality constraints (c3), (c4) and (c5) in the objective
function of (4.19). The problem is equivalent to find the optimal vector λk,m = {λk,m : (k,m) ∈ K ×M}
with λk,m = [sk,m p
d
0,m p
c
0,k,m p
c
k,m N
d
0,m N
c
0,k,m N
c
k,m]. In order to deal with continuous constraints, the
integer constraint on sk,m, i.e. (c2), is first relaxed assuming it could be a time sharing factor between 0
and 1, leading to
∑K
k=1 sk,m ≤ 1 ∀m = {1, · · · ,M}.
4.3.3 Problem Convexity
Proposition 1. If the communication with the relay is decided, i.e. for gc0,m > g
c
0,k,m, the optimization
problem in (4.19) is convex.
Proof. The proof is given in appendix C.1. 
From proposition 1, we can state that if gc0,m ≤ gc0,k,m, less power is needed if a direct communication
with um is decided, which is a preferred solution. However, if g
c
0,m > g
c
0,k,m, cooperative or direct
communication can be decided according to the binary assignment variable sk,m.
4.3.4 Problem Solution
The Lagrangian L associated with this problem is expressed in (4.23). We refer to the vectors
φm = [φ1, · · · , φM ]T , γm = [γ1, · · · , γM ]T , αk,m =
{
(α0,m, α
1
0,m, α
c
k,m) : (k,m) ∈ K ×M
}
and µ as
Lagrange multipliers associated respectively to the constraints from (c1) to (c6).
Therefore, the primal minimization problem can be expressed as function of the Lagrange dual function g
as the infinimum of the Lagrangian over the so called primal variable λk,m. The Lagrange dual function
g associated with the primal problem in (4.19) is defined as:
g(γm, µ, αk,m, φm) = inf
λk,m
L(λk,m,γm, µ,αk,m, φm) (4.24)
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Since the dual function g is an infinimum of a family of affine functions of dual variables (γm, µ, αk,m, φm),
then it is concave even if the optimization problem is not convex [65] and yields to a lower bound of the
primal problem for any γm and µ ≥ 0.
The primal minimization problem in (4.19) can be expressed as function of the dual function:
max
γm, µ, αk,m, φm
g(γm, µ,αk,m,φm)
subject to: γm, µ ≥ 0
(4.25)
It is worthwhile to notice that (4.19) and (4.25) are equivalent to:
sup
γm,µ,αk,m,φm
(
inf
λk,m
L(λk,m,γm, µ,αk,m, φm)
)
subject to: γm, µ ≥ 0
(4.26)
4.3.5 Optimal power and delay allocation
According to (4.26), it is convenient to firstly find the infinimum of the Lagrangian function L in
(4.23) over the set of primal variables λk,m and then find the supremum of g over the dual variables.
Thus, the primal variables can be expressed as function of the dual variables.
Optimal power allocation: Applying the gradient operator over the Lagrangian function L w.r.t.
N
d
0,m, we get the following:
∇
N
d
0,m
L =
(
1−
K∑
k=1
sk,m
)(
E1
(
pd0,m
)
+ γm
)
− α0,m (4.27)
where at the optimal ∇
N
d∗
0,m
L = 0.
Therefore, if
∑K
k=1 sk,m = 1, i.e. ∃ sk,m such that sk,m = 1, then α0,m = 0. Moreover if
∑K
k=1 sk,m = 0, i.e.
there is no relay that can minimize the overall energy consumed when serving user m and sk,m = 0 ∀k ∈ K,
then a direct transmission is preferable and the optimal allocated power pd
∗
0,m for direct transmission is
given by:
pd
∗
0,m =
[
(α0,m − γm − k1)
k2
]+
(4.28)
where [.]+
4
= max {0, .}.
Moreover, optimizing respectively over the variables N
c
0,k,m and N
c
k,m, we get the following:
∇Nc0,k,mL = sk,m
(
E2
(
pc0,k,m
)
+ γm
)− αc0,k,m (4.29)
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∇Nck,mL = sk,m
(
E3
(
pck,m
)
+ γm
)− αck,m (4.30)
and then at the optimal ∇
N
c∗
0,k,m
L = 0 and ∇
N
c∗
k,m
L = 0. Therefore, if sk,m = 0, then αc0,k,m = 0 and
αck,m = 0. Moreover, consider that a relay k is selected to help user m, then sk,m = 1. Hence, using
respectively eqs. (4.29) and (4.30), the allocated powers when BS or relay k communicates with user m
are respectively pc
∗
0,k,m and p
c∗
k,m and are given by:
pc
∗
0,k,m =

(
αc0,k,m − γm − k3
)
k4
+ (4.31)
pc
∗
k,m =

(
αck,m − γm − k5
)
k6
+ (4.32)
Since, γm, k1, k3 and k5 are positive, then α0,m ≥ γm + k3, αc0,k,m ≥ γm + k3 and αck,m ≥ γm + k5.
Optimal delay: By optimizing L w.r.t. to the primal variable pd0,m, we get the following:
∇pd0,mL =
(
1−
K∑
k=1
sk,m
)(
k2N
d
0,m + µ
)
+ α0,m∇pd0,mF
d
0,m (4.33)
where Fd0,m = 11−P d0,m(pd0,m) and at the optimal∇pd∗0,mL = 0. Hence, if
∑K
k=1 sk,m = 1, then α0,m∇pd0,mF
d
0,m =
0. Since Fd0,m is a strictly decreasing function, then ∇pd0,mF
d
0,m 6= 0 and hence α0,m = 0. Moreover, assum-
ing that
∑K
k=1 sk,m = 0, i.e. no relay is selected to help user m, then the optimal delay N
d
0,m associated
to user m is given by 2:
N
d∗
0,m = max
1,

(
−µ− α0,m∇pd0,mF
d
0,m
)
k2
+
 (4.34)
Moreover, by firstly applying the gradient of L over pck,m, ∇pck,mL is given as follows:
∇pck,mL = sk,m
(
k6N
c
k,m + µ
)
+ αck,mF1F2∇pck,mF3 (4.35)
with
F1(pc0,k,m) =
1
1− P c0,m(pc0,k,m)P c0,k,m(pc0,k,m)
(4.36a)
F2(pc0,k,m) = P c0,m(pc0,k,m)(1− P c0,k,m(pc0,k,m)) (4.36b)
F3(pck,m) =
1
(1− P ck,m(pck,m))
(4.36c)
2. It is worthwhile to note that max{1, .} is applied to insure that Nd0,m ≥ 1
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and at the optimal ∇pc∗k,mL = 0.
Hence if sk,m = 0, then α
c
k,mF1F2∇pck,mF3 = 0. But since F1 6= 0, F2 6= 0 and F3 is a strictly decreasing
function
(
∇pck,mF3 6= 0
)
then αck,m = 0. Moreover, if sk,m = 1, then N
c∗
k,m is given as follows:
N
c∗
k,m =

(
−µ− αck,mF1F2 dF3dpc0,k,m
)
k6

+
(4.37)
with αck,m > 0.
The gradient of L w.r.t. pc0,k,m is:
∇pc0,k,mL = sk,m
(
k4N
c
0,k,m + µ
)
+ αc0,k,m∇pc0,k,mF1 + αck,m∇pc0,k,m (F1F2F3) (4.38)
with ∇pc0,k,mL = 0 at the optimal.
Thus, if sk,m = 0, then the relay rk is not selected to help user um and hence
αc0,k,m∇pc0,k,mF1 + αck,m∇pc0,k,m (F1F2F3) = 0 (4.39)
Since, αck,m = 0 for sk,m = 0, then α
c
0,k,m∇pc0,k,mF1 = 0 and hence αc0,k,m = 0. Moreover, if sk,m = 1, the
optimal delay N
c∗
0,k,m is given as:
N
c∗
0,k,m = max
1,
−µ−
(
αc0,k,m + α
c
k,mF2F3
)
∇pc0,k,mF1
k4
−
αck,mF1F3∇pc0,k,mF2
k4
+
 (4.40)
4.3.6 Relay selection strategy
Our problem also consists of a relay selection strategy, i.e. determining the value of sk,m that leads
to the minimum energy path. Hence, minimizing the primal problem w.r.t. sk,m, we get the following:
∇sk,mL = Zk,m + φm (4.41)
with
Zk,m = (E3(pck,m) + γm)N ck,m + (E2(pc0,k,m) + γm)N c0,k,m − (E1(pd0,m) + γm)Nd0,m (4.42)
and
∇sk,mL
∣∣
λ∗k,m
= 0, if sk,m ∈ (0, 1),< 0, if sk,m = 1. (4.43)
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Zk,m can be interpreted as a weighted difference between the energy consumption of a relay-assisted
communication and a direct communication. Since φm is common to all relays, only the relay k with the
smallest Zk,m can be selected to help the user m. Hence, sk,m = 1 if Zk,m < 0 and sk,m = 0 if Zk,m > 0.
Thus the decision rule is given as follows:
Algorithm 2 Relay selection strategy
1: for m = 1 : M do
2: if Zk,m > 0 ∀ k ∈ K then
3: sk,m = 0
(k,m)∗ = (0,m)
4: else if then
5: (k,m)∗ = arg min
(k,m)
Zk,m
sk,m = 1
6: end if
7: end for
4.3.7 Lagrange dual variables update
As it can be noticed, the optimization problem in (4.25) is an unconstrained maximization problem.
Moreover for gc0,m > g
c
0,k,m, the solution is unique due to the convexity and quasi-convexity of the objective
and the constraint functions (See appendix C.1).
It follows that the dual function is differentiable and the subgradient method ensures the convergence
of the problem toward an optimal solution [79]. Therefore, the dual problem in (4.25) can be solved w.r.t.
γm, µ,αk,m according to the following dual variables updates used in algorithm 3 in Section 4.3.8.
µ update: The Lagrange dual variable µ is updated according to eq. (4.44) at the top of page. Where
t is the iteration index and βµ ∈]0, 1[ is a sufficiently small positive step-size. The update of µ stops if
the power constraint (c6) is satisfied.
γm update: For a given µ, γm is updated in parallel for every user m according to eq. (4.45) at the
top of page until it satisfies its delay constraint. Where βγ ∈]0, 1[ is a sufficiently small positive step-size.
The dual variable γm(t) converges to the optimal γ
∗
m as t→∞.
Updates of α0,m: For every updated γm, every user m updates its Lagrange dual variable α0,m as
follows:
α0,m(t+ 1) =
[
α0,m(t) + βα
(
1
1− P d0,m(pd0,m)
−Nd0,m
)]+
(4.47)
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µ(t+ 1) =
[
µ(t) + βµ
(
M∑
m=1
((
1−
K∑
k=1
sk,m
)
pd0,m +
K∑
k=1
sk,m(p
c
0,k,m + p
c
k,m)
)
− Ptot
)]+
(4.44)
γm(t+ 1) =
[
γm(t) + βγ
((
1−
K∑
k=1
sk,m
)
N
d
0,m +
K∑
k=1
sk,m
(
N
c
0,k,m +N
c
k,m
)−Dm)]+ (4.45)
[
αc0,k,m(t+ 1)
αck,m(t+ 1)
]
=
[αc0,k,m(t)
αck,m(t)
]
+ βα

(
1
1−P c0,m(pc0,k,m)P c0,k,m(pc0,k,m) −N
c
0,k,m
)
(
P c0,m(p
c
0,k,m)(1−P c0,k,m(pc0,k,m))
(1−P c0,m(pc0,k,m)P c0,k,m(pc0,k,m))(1−P ck,m(pck,m)) −N
c
k,m
)
+ (4.46)
βα ∈]0, 1[ is a sufficient small positive step size [79]. The update of the dual variable α0,m(t) continues
until the equality constraint (c3) is satisfied and it converges to the optimal value α
∗
0,m.
Updates of αc0,k,m and α
c
k,m: For every couple (k,m) and for a given γm, the Lagrange dual variables
αc0,k,m and α
c
k,m are updated as in eq. (4.46). As it can be noticed, eqs. (4.40) and (4.37) depend on α
c
0,k,m
and αck,m. Hence, α
c
0,k,m and α
c
k,m are updated in parallel for every couple (k,m) [79]. As a consequence,
eqs. (4.37) and (4.40) are also updated in parallel. Therefore, the dual variables are updated until the
equality constraints (c4) and (c5) are satisfied.
Thereafter, for the updated γm(t) and from α
∗
0,m, α
c∗
0,k,m and α
c∗
k,m, the resource scheduler performs
the relay selection strategy defined in algorithm 2 until satisfying the delay constraint for every user m.
4.3.8 Energy Minimization Algorithm
The algorithm 3 jointly allocates powers at BS and RS and selects an optimal relay if needed. This
algorithm starts by initializing the Lagrange multipliers µ, γm and α0,m, α
c
0,k,m and α
c
k,m ∀(k,m) (from
step 1 to 3). For each updated γm, the resource scheduler has to find the optimal α
∗
0,m, α
c∗
0,k,m and α
c∗
k,m
(also in parallel) that satisfy respectively the equality constraints (c3), (c4) and (c5) (steps 4 to 6).
Thereby, it selects the relay k that has the minimal energy path or decides the direct transmission (step
8). Then, the Lagrange multiplier γm is updated in parallel for all users (step 9) until they satisfy their
delay constraints with a relative error m or γm(t) = 0 for certain users. If γm(t) = 0 for t > 1, this means
that the user m has a delay < Dm. If the power constraint Ptot can satisfy all users, the algorithm stops.
Otherwise, the Lagrange multiplier µ is updated (step 16) and the resource scheduler restarts allocation.
Now, if the available power Ptot cannot satisfy all users and the equality in the delay constraint (c2) holds
for all users, then the problem is unfeasible. In this case, the user with the maximum energy-delay ratio
4.3. Energy minimization in HARQ-I relay-assisted networks 103
Algorithm 3 Joint Power and Relay Selection algorithm
1: Initialize: µ← 0
2: Initialize: γm ← 0 ∀m ∈M
3: Initialize:
α0,m > γm + k1,
α 1k,m > γm + k3,
αck,m > γm + k5, ∀m ∈M and k ∈ K
4: while (c3), (c4)and (c5) not satisfied do
5: Update α0,m by (4.47), α0,m and α
c
k,m by (4.46) ∀ (k,m) ∈ K ×M
6: end while
7: t = 0
8: Apply (2)
9: while ∃m s.t. (c1) not satisfied do
10: Update γm(t) by (4.45)
11: t← t+ 1 and return to 3
12: end while
13: if (c6) satisfied then
14: end
15: else if then
16: Update µ until (c6) satisfied or problem unfeasible
17: Return to 2
18: end if
19: Substitute pd
∗
0,m, p
c∗
0,k,m, p
c∗
k,m and s
∗
k,m ∀(k,m) ∈ K ×M in (c6)
20: while Problem is unfeasible do
21: Reject um = arg max
m
{Rm : m ∈M}
22: M =M−{um}
23: Return to 1
24: end while
Rm is rejected (step 21) and the algorithm restarts allocation.
Theorem 2. In delay limited systems, the higher the total power constraint is, the lower the total energy
consumption in the system is induced.
Proof. See proof in Appendix C.2. 
Let us assume that each user has an energy-delay profile characterized by the plot in fig. 4.6. There-
fore, fig. 4.6 depicts the total energy consumed (left side axis) in joules and the average delay (right
side axis) versus the total power needed pm for user um. Referring to this plot and as µ is updated
by eq. (4.44), the power constraint becomes more stringent and the power that satisfies the inequality
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Figure 4.6: Energy-Delay versus power pm = pc0,k,m + p
c
k,m
constraint in (c2) is shifted to the left of the minimal point (pEmin) for every user that have Dm ≥ DEmin .
Where pEmin is the total optimal power that leads to a minimum energy consumption regardless the delay
constraint and pEmin corresponds to DEmin . Therefore, as µ increases, the system energy consumption
increases (Theorem 2). Thus, if the equality in the delay constraint (c2) is satisfied ∀ m, and there is
still no sufficient power that satisfy all users, then the problem is unfeasible. In this case, the resource
scheduler rejects the user that has the greater energy-delay ratio Rm in watts (step 21) defined in (C.3)
(Appendix C.3) and restarts allocation according to the steps defined above.
4.3.9 Numerical analysis
Consider a circular cell of radius R = 1 km consisting of 4 circularly distributed relays located at
a distance R/2 from BS. We also consider that M = 4 and 12 users are randomly distributed in the
network according to a uniform distribution with heterogeneous delay constraints Dm = 1.5 and 2.5 TSs.
We consider a BPSK modulation, where each packet contains L = 102 information bits. The ARQ and
HARQ-I retransmission protocols are used as well as an LDPC code with rate R0 =
1
2 . The point-to-point
transmission (p2p) is also presented for reference.
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Figure 4.7: Average energy consumed in joules/bit and the average starvation user rate versus Ptot for
M = 4 and 12. Delay constraints Dm = 1.5 and 2.5 TSs
4.3.10 Optimal energy consumed and average starvation rates
Using the resource allocation algorithm, figs. 4.7a and 4.7b plot the average energy consumed in
joules/bit for M = 4 versus the available total power constraint Ptot in dBm. It can be shown that as Ptot
increases, the energy consumption increases due to the decrease in the average starvation user rate. At
nearly 46 dBm, the average starvation user rate becomes null for p2p and relay-assisted communication
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adopting HARQ-I retransmission protocol. However, the average energy consumed became stable and
achieves 0.44×10−3 and 1×10−3 joules/bit for relay-assisted and p2p communications respectively. Thus,
adopting relay-assisted network leads to an energy saving of more than 50 %. This significant gain is due
to the path-loss gain offered by the relaying technique. However, using ARQ scheme and at Ptot = 50
dBm, the average energy consumption is about 0.7× 10−3 and 1.25× 10−3 joules/bit for cooperative and
p2p schemes respectively with a corresponding starvation rate of about 0.2 and 0.12 respectively.
Now, referring to figs 4.7c and 4.7d and increasing M to 12 users, the average energy consumed increases
significantly. It attains about 1.48 × 10−3 and 2.7 × 10−3 joules/bit for cooperative and p2p HARQ-I
communications respectively with zero starvation rate. This increase in energy consumption is due to the
increase of the number of users in the network. However, the total power needed is about Ptot = 50 dBm
for both. Moreover, the p2p and cooperative ARQ schemes have a high average starvation user rates.
This high starvation shows that there is no sufficient power to satisfy all users and hence the algorithm
rejects users according to their energy-delay ratio Rm until the power constraint is satisfied.
Therefore, comparing ARQ to HARQ-I, we can state that a higher energy consumption is induced
with a high starvation user rate. Moreover, a lower power constraint is needed to satisfy all users with
HARQ-I scheme. This is due to the utilized channel coding that enhances the probability of correct
detection, implying in turn a lower delay at the same SNR. In particular, relay-assisted HARQ-I based
network can achieve a lower energy consumption as well as a lower starvation rate.
4.3.11 Energy consumption and starvation rate versus delay requirement
Le us now consider that all users have the same delay constraint Dm and the total power constraint
is Ptot = 50 dBm. For M = 4, figs. 4.8a and 4.8b depict respectively the average energy consumed
in joule/bit and the average starvation user rate versus Dm. It can be shown that adopting HARQ-I,
a zero starvation rate can be obtained for both p2p and cooperative communications. At Dm = 1.5,
the average consumed energy is about 0.83 × 10−3 and 1.3 × 10−3 joules/bit for cooperative and p2p
communications respectively. Thus adopting cooperation, an energy saving of about 36 % is enabled.
Moreover, at high Dm, the average energy becomes stable with 0.38 × 10−3 and 0.98 × 10−3 joules/bit
for p2p and cooperative networks respectively. Hence the energy saving increases to approximately 60
%. Therefore, cooperation enables a substantial energy saving as the delay constraint increases. This,
energy saving is due to the pathloss gain exploited by cooperation. However, for Dm < 2, the energy
gain offered by cooperative communication degrades, since some of the packets must be received at the
first transmission instant in order to satisfy these stringent delay constraints. In other words, the link
between the BS and every user um must be robust.
Now adopting ARQ protocol, a higher energy consumption and starvation rate are jointly observed.
At Dm = 1.5, the average starvation rate is about 0.5 for both p2p and cooperative schemes, and hence a
lower energy is consumed, because of the little number of satisfied users in the network. However, as Dm
4.3. Energy minimization in HARQ-I relay-assisted networks 107
1.5 2 2.5 3 3.5 4 4.5 50.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2 x 10
−3
E
n
er
gy
co
n
u
m
ed
in
jo
u
le
/b
it
Delay constraint Dm TS
 
 
Coop - M = 4 HARQ-I
p2p - M = 4 HARQ-I
Coop - M = 4 ARQ
p2p - M = 4 ARQ
p2p ARQ
p2p HARQ-I
Coop ARQ
Coop HARQ-I
(a) Average energy consumed for M = 4
1.5 2 2.5 3 3.5 4 4.5 50
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
A
v
er
ag
e
st
ar
va
ti
on
u
se
r
ra
te
Delay constraint Dm TS
 
 
Coop - M = 4 HARQ-I
p2p - M = 4 HARQ-I
Coop - M = 4 ARQ
p2p - M = 4 ARQ
p2p and Coop. ARQ
p2p and Coop. HARQ-I
(b) Average Starvation user rate for M = 4
1.5 2 2.5 3 3.5 4 4.5 50.5
1
1.5
2
2.5
3 x 10
−3
E
n
er
gy
co
nu
m
ed
in
jo
u
le
/b
it
Delay constraint Dm TS
 
 
Coop - M = 12 HARQ-I
p2p - M = 12 HARQ-I
Coop - M = 12 ARQ
p2p - M = 12 ARQ
p2p HARQ-I
p2p ARQ
Coop ARQ
Coop HARQ-I
(c) Average energy consumed for M = 12
1.5 2 2.5 3 3.5 4 4.5 50
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
A
v
er
ag
e
st
ar
va
ti
on
u
se
r
ra
te
Delay constraint Dm in TS
 
 
Coop - M = 12 HARQ-I
p2p - M = 12 HARQ-I
Coop - M = 12 ARQ
p2p - M = 12 ARQ
p2p ARQ
Coop. ARQ
p2p and Coop. HARQ-I
(d) Average Starvation user rate for M = 12
Figure 4.8: Average energy consumed in bits/joule and the average starvation user rate versus Dm for
M = 4 and 12. Power constraint is fixed at Ptot = 50 dBm
increases, the starvation rate decreases rapidly leading to an increase in the total energy consumption.
A zero starvation rate can be observed at Dm = 3 and 4 for p2p and cooperative ARQ communications
respectively. Their corresponding energies are respectively 1.8 × 10−3 and 0.65 × 10−3 joules/bit. Once
again, we have an energy saving of about 50 % w.r.t. the ARQ schemes.
Increasing M to 12 users (see figs. 4.8c and 4.8d), the average energy consumption and the average
starvation rate increase significantly. This is due to the lack of power to satisfy all users. Furthermore,
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as the delay constraint increase, a low power constraint Ptot is needed and hence the average starvation
rate decreases. In this case, the energy consumption starts increasing to achieve a stable state at high
Dm. But the HARQ-I always offers the lower starvation w.r.t. ARQ protocol and at more than 2.5 TS
a zero starvation rate for p2p and cooperation can be observed. In contrast, the ARQ schemes lead to
approximately zero starvation for cooperative network and 0.4 for p2p network at Dm = 5. Therefore, as
Dm increases, the substantial energy saving is due to the increase of the number of retransmissions per
packet that enables an increase in the temporal diversity in the system. Moreover, this allows to consume
lower power and hence more users will access the radio resources.
In summary, the HARQ-I scheme is more energy efficient since it adopts the channel coding for every
transmitted packet and the system reliability enhances. Moreover, HARQ-I cooperative network enables
jointly lower energy consumption and starvation user rates, since it exploits the path-loss gain and also
the channel coding leading to an energy efficient communication. At high delay constraint, it offers a
significant energy gain up to 60 % compared to p2p communication with zero average starvation user
rate.
4.4 Conclusion
In this chapter the energetic issues of cooperative cellular network in multi-user OFDMA scenarios
are studied. The contribution of this chapter are summarized as follows:
1. A theoretical analysis of the energy efficiency (bits/joule) for HARQ-I and HARQ-CC types in point-
to-point and relay-assisted networks is provided. Our proposed analysis takes into consideration
finite packet length and a given MCS.
2. We further studied an energy minimization problem in relay-assisted networks considering an
HARQ-I mechanism under delay-constrained users and total power consumption. This problem
is solved efficiently by the Lagrange dual method. The convexity of this problem is proved and an
energy minimization algorithm is proposed. The later jointly allocates the power at the BS and
relay stations and performs the relay selection based on a minimal energy consumption criterion.
Simulations have shown a clear energy saving as well as a better starvation rate compared to non
cooperative transmissions in cellular networks. Moreover, the proposed solution of this problem is
independent of the form of the delay function complexity and hence the proposed algorithm might
be adapted to other HARQ schemes provided that the delay closed form expressions are derived
and the convexity of the problem is guaranteed.
In a further work, other issues could be considered such as:
1. A subcarriers assignment strategy can be jointly considered with the other resources.
2. We can further suppose an MCS selection algorithm that chooses the best modulation and coding
schemes leading to a minimal energy consumption.

Conclusions and Perspectives
Conclusion
Efficient resource allocation algorithms in multi-user cooperative cellular networks and the perfor-
mance metrics analysis for cross-layer schemes are addressed in this thesis. The work provided herein
accommodates the wireless standards demands such as 3GPP-LTE and 4G. We focused on two main
issues: i) Satisfying the QoS requirements for every mobile user with ii) Optimal power consumption
or minimum energy costs. We provided a theoretical analysis of the performance metrics of the HARQ
schemes in direct and relay-assisted networks such as PER, throughput, end-to-end delay and the energy
efficiency. In certain fading environments, such as slow fading channels, the average delay w.r.t. the fad-
ing realizations is irrelevant due to the non ergodicity of the process, hence the outage analysis is invoked.
We theoretically analyzed the delay outage probability in relay-assisted slow fading channel. We further
proposed two resource allocation algorithms in QoS aware cooperative cellular networks, addressing two
issues i.e. a global rate maximization and an aggregate energy minimization.
Chapter 1 introduced the basic materials utilized in this dissertation. We started by presenting
cooperative communication and pointing out the substantial gains it leads i.e. path-loss and diversity
gains. We also gave a brief overview about the HARQ retransmission schemes which are incorporated in
cross-layer protocols. We further provided the most prominent performance metrics for communication
schemes with HARQ protocols e.g. the PER, throughput efficiency, average delay, energy efficiency and
the outage probability. We then introduced the energy consumption model adopted in this work. Finally,
some convex tools for optimization problems are presented.
In chapter 2, we focused on a resource optimization problem that aims to maximize the total through-
put in multi-user relay-assisted OFDMA cellular network. This problem considers that each user has a
throughput constraint to be satisfied and a maximum transmission power is available for the entire cell.
The convexity of this optimization problem was proven and hence an optimal solution has been derived.
The main novelty of this problem, is that a new resource scheduling policy has been suggested. It jointly
optimizes the allocated power, assign subcarriers and selects relays to every user when the instantaneous
CSI are known at the BS. Furthermore, our algorithm has demonstrated to outperform the existing
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solutions in literature.
To accomplish the attributed task and to analyze the concepts of cross-layer protocols, the perfor-
mances of HARQ-I and HARQ-II of type Chase combining in direct and relay-assisted scenarios has
been theoretically analyzed in chapter 3. In more details, the mostly prominent metrics such as PER,
end-to-end delay, throughput were tightly quantified in closed forms. These analyses take into account
the practical issues of HARQ protocols, in which any finite packet length and modulation and coding
schemes such as LDPC can be considered.
We also provided a theoretical analysis of the delay outage probability for relay-assisted HARQ-
I system in slow fading channels which has never been done in literature. We provided hence a tight
approximation for the delay outage probability. These theoretical expressions allow an important amount
of simulation time to be saved. Hence, these analyses might be useful to precisely and rapidly evaluate
the performance of cross-layer schemes in relay-assisted communication systems.
The contribution of chapter 4 focused on the analysis of the energetic issues of HARQ protocols in
direct and relay-assisted networks. We firstly started by analyzing theoretically the energy efficiency
for different HARQ schemes. Thereafter, an energy minimization problem in multi-user relay-assisted
HARQ network has been investigated. This problem considers the static and dynamic energetic aspects
in the cost function and the total power in the constraint function, provided that the QoS designated by
the delay is guaranteed for every user. The main novelty of this optimization problem, is that it jointly
considers the HARQ protocols and a given MCS when optimizing resources. Moreover, this algorithm is
general enough to be applied for any HARQ scheme, such that the convexity of the cost and constraint
functions are guaranteed. Therefore, based on the obtained optimal solution we proposed a new energy
minimization algorithm that allocates the optimal power at the base station and relay stations. Moreover,
during the resource allocation, a relay selection is performed and a decision rule to determine whether
direct or cooperative transmission is preferred leading to the more energy-efficient solution.
Perspectives
There are still some open issues which could be addressed in future works:
1. The theoretical analysis of HARQ protocols started from the assumption that the ACK/NACK
packets to be error-free with a negligible delay. However in reality it is possible to have a false ACK
message. Therefore, it would be important to consider this point in future work.
2. The theoretical analysis of the performance metrics of incremental redundancy HARQ (HARQ-
IR) scheme is not studied in this thesis. The study of the error probability at any transmission
instant is still a challenging task in this case due to the high complexity of the relationship between
the SNR and the error probability in HARQ-IR schemes. Hence, if a tractable expression of the
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error probability could be found out, the study of the PER, average delay, throughput and energy
efficiency could be addressed in future work.
3. In our energy minimization problem, we considered a simple linear energy consumption model.
However, this linearity is no longer guaranteed if we take into account the consumption of the
digital signal processing part. Therefore, a realistic energy consumption model to approach practical
communication schemes is needed.
4. The proposed resource allocation algorithms should be implemented in an experimental platform
in order to evaluate the interests of the theoretical analysis in real conditions.
5. In cellular networks, the rapid increase in the number of mobile users per cell and the relay de-
ployments may cause interference with the adjacent cells. Therefore proposing efficient interference
mitigation algorithms in HARQ schemes could be a future research topic.

APPENDIX
Appendix A
A.1 Derivation of An
As defined in eq. (3.36), An can be written as follows:
An =
∫ γM
0
∫ γM−γ1
0
· · ·
∫ γM−γ1−···γn−1
0
pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (A.1)
Therefore, in order to obtain a closed form expression of the above integral, we make a change of variable
by dividing γ1, γ2, · · · , γn by γM . Hence, we obtain the following integral
An =
(
γM
γsd
)n ∫ 1
0
∫ 1−γ1
0
· · ·
∫ 1−γ1−···γn−1
0
exp
(−γ1γM
γsd
)
· · · exp
(−γnγM
γsd
)
dγ1 · · · dγn (A.2)
Therefore, using the following multiple integral identity [80, eq. 2 pp. 614]:
∫
x1≥0
· · ·
∫
xn≥0(
x1
q1
)α1
+···+
(
xn
qn
)αn≤1
f
[(
x1
q1
)α1
+ · · ·+
(
xn
qn
)αn]
× xp1−11 · · ·xpn−1n dx1 · · · dxn =
qp11 · · · qpnn
α1 · · ·αn
Γ
(
p1
α1
)
· · ·Γ
(
pn
αn
)
Γ
(
p1
α1
+ · · ·+ pnαn
) ∫ 1
0
f(x)x
p1
α1
+···+ pn
αn
−1
dx (A.3)
under the assumptions that the one-dimensional integral on the right converges absolutely and pi, qi and
αi are positive ∀ i.
An can be calculated in simple form as follows:
An =
(
γM
γsd
)n 1
Γ(n)
∫ 1
0
exp
(
−γM
γsd
x
)
xn−1dx (A.4)
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Using integrals and series in [76, eq. (11) §2.33, pp. 108], An is computed as follows:
An = 1− exp
(
−γM
γ¯sd
) n−1∑
k=0
1
k!
(
γM
γ¯sd
)k
(A.5)
A.2 Derivation of Bn
As its defined in eq. (3.37), Bn can be written as:
Bn,m =
∫ γM
0
· · ·
∫ γM−γ1−···−γm−1
0
∫ ∞
γM−γ1−···−γm
∫ ∞
0
· · ·
∫ ∞
0
a exp
(− g(γ1 + · · ·+ γn))pγsd(γ1) · · · pγsd(γn)
dγ1 · · · dγn
(A.6)
Therefore, integrating over the variables γm+1, · · · , γn, we have:
Bn,m =
(
1
γ¯sd
)n [ 1
g + 1γ¯sd
]n−m
exp
(
−γM
γ¯sd
)∫ γM
0
· · ·
∫ γM−γ1−···−γm−1
0
dγ1 · · · dγm (A.7)
Hence, dividing each variable by γM , we get the following:
Bn,m = γ
m
M
(
1
γ¯sd
)n [ 1
g + 1γ¯sd
]n−m
exp
(
−γM
γ¯sd
)∫ 1
0
· · ·
∫ 1−γ1−···−γm−1
0
dγ1 · · · dγm (A.8)
and using [80, eq. 1 pp. 613], we have
∫ 1
0
· · ·
∫ 1−γ1−···−γm−1
0
dγ1d · · · dγm = 1
m!
(A.9)
Finally, Bn,m is given in closed form as follows:
Bn,m =
(
γM
m
m!
)[
1
1 + gγ¯sd
]n−m( 1
γ¯sd
)m
exp
(
−γM
γ¯sd
)
(A.10)
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A.3 Derivation of Cn
As defined in eq. Cn can be written as follows:
Cn =
∫ ∞
γM
∫ ∞
0
· · ·
∫ ∞
0
a exp
(− g(γ1 + · · ·+ γn))pγsd(γ1)pγsd(γ2) · · · pγsd(γn)dγ1dγ2 · · · dγn (A.11)
It can be noticed that eq. (A.11) is an integral of separable function, hence it can be readily proved that
Cn can be written as:
Cn =
[
1
1 + gγ¯sd
]n
exp
(
−γM
γ¯sd
)
(A.12)
A.4 Derivation of A(n, n′)
A(n, n′) is written as:
A(n, n′) =
∫ γM
0
· · ·
∫ γM−γ1···γn−1
0
pγsd(γ1) · · · pγsd(γn′)pγrd(γn′+1) · · · pγrd(γn)dγ1 · · · dγn (A.13)
By dividing each variable in eq. (A.13) by γM , A(n, n
′) can be rewritten as:
A(n, n′) =
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′
· γMn
∫ 1
0
· · ·
∫ 1−γ1···−γn′−1
0
∫ 1−γ1···−γn′
0
...
∫ 1−γ1−···γn−1
0
exp
(
−γ1γM
γ¯s
)
· · · exp
(
−γn′γM
γ¯s
)
exp
(
−γn′+1γM
γ¯r
)
· · · exp
(
−γnγM
γ¯r
)
dγ1dγ2...dγn (A.14)
We firstly integrate w.r.t. γn′+1, · · · , γn, i.e we integrate the function I1 defined as:
I1 =
∫ 1−γ1···−γn′
0
...
∫ 1−γ1−···γn−1
0
exp
(
−γn′+1γM
γ¯rd
)
· · · exp
(
−γnγM
γ¯rd
)
dγn′+1...dγn (A.15)
Dividing each variable in this integral by 1− γ1 · · · − γn′ , I1 can be written as:
I1 =
∫ 1
0
...
∫ 1−γn′+1−···γn−1
0
exp
(
−γM (1− γ1 · · · − γn′)(γn′+1 + · · ·+ γn)
γ¯rd
)
(1− γ1 · · · − γn′)n−n′
dγn′+1...dγn
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As we notice, I1 is an integral over a simplex domain [76] and using the identity in eq. (A.3). I1 can be
transformed into one dimensional integral form as follows:
I1 =
(1− γ1 · · · − γn′)n−n′
Γ(n− n′)
∫ 1
0
xn−n
′−1 exp
(
−γM (1− γ1 · · · − γn′)
γ¯rd
· x
)
dx (A.16)
Therefore, I1 is written in closed form as follows [76, eq. (11) §2.33, pp. 108]:
I1 =
(
γrd
γM
)n−n′ (
1− exp
(
−γM (1− γ1 · · · − γn′)
γ¯rd
) n−n′−1∑
k=0
1
k!
(
γM (1− γ1 · · · − γn′)
γ¯rd
)k)
(A.17)
Inserting I1 in eq. (A.14) and after some simplifications, A(n, n
′) can be written as:
A(n, n′) = ϕ1 − ϕ2, (A.18)
with ϕ1 and ϕ2 are respectively given by:
ϕ1 =
(
γM
γ¯sd
)n′ ∫ 1
0
· · ·
∫ 1−γ1···−γn′−1
0
exp
(
−γ1γM
γ¯s
)
· · · exp
(
−γn′γM
γ¯s
)
dγ1 · · · dγn′ (A.19)
ϕ2 =
(
γM
γ¯sd
)n′
exp
(
−γM
γ¯rd
)
·
n−n′−1∑
k=0
[∫ 1
0
∫ 1−γ1
0
· · ·
∫ 1···−γn′−1
0
exp
((
γM
γ¯r
− γM
γ¯s
)
· (γ1 · · ·+ γn′)
)
(1− γ1 · · · − γn′)k
k!
dγ1dγ2...dγn′
]
(A.20)
Hence using (A.3) can be transformed into one dimensional integral. Then using [76, eq. (11) §2.33, pp.
108], ϕ1 is given in closed form:
ϕ1 =
[
1− exp
(
−γM
γ¯sd
) n′−1∑
k=0
1
k!
(
γM
γ¯sd
)k]
(A.21)
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Moreover, the integral ϕ2 is a integral over a simplex domain. Therefore, using eq. (A.3) it can be
transformed into one dimensional integral and is given by:
ϕ2 =
1
Γ(n′)
(
γM
γ¯sd
)n′
exp
(
−γM
γ¯rd
) n−n′−1∑
k=0
1
k!
(
γM
γ¯rd
)k
Z1(k) (A.22)
where Z1(k) is written as follows:
Z1(k) =
∫ 1
0
exp
((
γM
γ¯rd
− γM
γ¯sd
)
· x
)
xn
′−1(1− x)kdx (A.23)
Using the binomial theorem (1 − x)k =
k∑
i=0
(
k
i
)
(−1)ixi, Z1(k) can be written as [76, eq. (11) §2.33, pp.
108]:
Z1 =
k∑
i=0
(
k
i
)
(−1)i (n
′ + i− 1)!(
γM
γ¯sd
− γMγ¯rd
)(n′+i) ×
1− exp(−(γM
γ¯sd
− γM
γ¯rd
)) n′+i−1∑
j=0
(
γM
γ¯sd
− γMγ¯rd
)j
j!
 (A.24)
A.5 Derivation of B(n, n′,m)
We have B(n, n′,m) is given by,
B(n, n′,m) =
∫ γM
0
· · ·
∫ γM−γ1−···γm−1
0︸ ︷︷ ︸
1→m
∫ ∞
γM−···γm
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
m+1→n
pγsd(γ1) · · · pγsd(γn′)pγrd(γn′+1) · · · pγrd(γn)
×a exp (−g (γ1 + · · ·+ γn))dγ1dγ2 · · · dγn
(A.25)
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Hence we have two conditions according to n′ values:
If n′ ≥ m+ 1 eq. (A.25) can be written as:
B(n, n′,m) =
∫ γM
0
· · ·
∫ γM−γ1−···γm−1
0
∫ ∞
γM−···γm︸ ︷︷ ︸
1→m+1
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
m+2→n′
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
n′+1→n
pγsd(γ1) · · · pγsd(γm+1)︸ ︷︷ ︸
1→m+1
×pγsd(γm+2) · · · pγsd(γn′)︸ ︷︷ ︸
m+2→n′
pγrd(γn′+1) · · · pγrd(γn)︸ ︷︷ ︸
n′+1→n
×a exp (−g (γ1 + · · ·+ γm+1)) exp (−g (γm+2 + · · ·+ γn′))
exp ((γn′+1 + · · ·+ γn))dγ1dγ2 · · · dγn (A.26)
Theretofore, integrating the terms from m+ 2 to n, we get the following:
B(n, n′,m) = a
(
1
γ¯sd
)n( 1
γ¯rd
)n−n′ [ γ¯sd
1 + gγ¯sd
]n′−m−1 [ γ¯rd
1 + gγ¯rd
]n−n′
×
∫ γM
0
· · ·
∫ γM−γ1−···γm−1
0
∫ ∞
γM−···γm
pγsd(γ1) · · · pγsd(γm+1) exp (−g (γ1 + · · ·+ γm+1))dγ1 · · · dγm+1
Hence, integrating over the variable γm+1, we get the following:
B(n, n′,m) = a
(
1
γ¯sd
)n( 1
γ¯rd
)n−n′ [ γ¯sd
1 + gγ¯sd
]n′−m [ γ¯rd
1 + gγ¯rd
]n−n′
exp
(
−γM
(
g +
1
γ¯sd
))
×
∫ γM
0
· · ·
∫ γM−γ1−···γm−1
0
dγ1 · · · dγm (A.27)
Then, using the integrals and series in [80, (eq. 2 pp. 614)]:
∫ γM
0
· · ·
∫ γM−γ1−···γm−1
0
dγ1 · · · dγm = γM
m
m!
(A.28)
Hence, finally B(n, n′,m) can be written in closed form as follows:
B(n, n′,m)=
1
m!
(
γM
γ¯sd
)m[ 1
1 + gγ¯rd
]n−n′[ 1
1 + gγ¯sd
]n′−m
× exp
(
−γM
γ¯sd
)
(A.29)
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If n′ > m+ 1 eq. (A.25) can be written as:
B(n, n′,m) =
∫ γM
0
· · ·
∫ γM−γ1−···γn′−1
0︸ ︷︷ ︸
1→n′
∫ γM−γ1−···γn′
0
· · ·
∫ γM−γ1−···γm−1
0
∫ ∞
γM−···γm︸ ︷︷ ︸
n′+1→m+1
∫ ∞
0
· · ·
∫ ∞
0︸ ︷︷ ︸
m+2→n
pγsd(γ1) · · · pγsd(γn′)︸ ︷︷ ︸
1→n′
pγrd(γn′+1) · · · pγrd(γm+1)︸ ︷︷ ︸
n′+1→m+1
pγrd(γm+2) · · · pγrd(γn)︸ ︷︷ ︸
m+2→n
×a exp (−g (γ1 + · · ·+ γn′)) exp (−g (γn′+1 + · · ·+ γm+1))
exp ((γm+2 + · · ·+ γn))dγ1 · · · dγn
(A.30)
Therefore, integrating over the variables γm+1, · · · , γn, B(n, n′,m) can be written as:
B(n, n′,m) = a
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′ [ 1
g + 1γ¯rd
]n−(m+2)+2
exp
(
−γM
(
g +
1
γ¯rd
))
∫ γM
0
· · ·
∫ γM−γ1−···γn′−1
0︸ ︷︷ ︸
1→n′
∫ γM−γ1−···γn′
0
· · ·
∫ γM−γ1−···γm−1
0︸ ︷︷ ︸
n′+1→m
exp
((
g +
1
γ¯rd
)
(γ1 + · · ·+ γm)
)
× exp (−g(γn′+1 + · · ·+ γm)) exp
(
−(γ1 + · · ·+ γ
′
n)
γ¯sd
)
× exp
(
−(γn′+1 + · · ·+ γm)
γ¯rd
)
dγ1 · · · dγm (A.31)
After some simplification, B(n, n′,m) can be re-written as:
B(n, n′,m) =
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′ [ 1
g + 1γ¯rd
]n−(m+2)+2
exp
(
−γM
γ¯rd
)
∫ γM
0
· · ·
∫ γM−γ1−···γn′−1
0︸ ︷︷ ︸
1→n′
∫ γM−γ1−···γn′
0
· · ·
∫ γM−γ1−···γm−1
0︸ ︷︷ ︸
n′+1→m
exp
(
−
(
1
γ¯sd
− 1
γ¯rd
)
(γ1 + · · ·+ γn′)
)
dγ1 · · · dγm
(A.32)
Now, integrating over the variables, γn′+1, · · · , γm, we have the following [76, eq. (1) §4.632, pp. 613]:
∫ γM−γ1−···γn′
0
· · ·
∫ γM−γ1−···γm−1
0
dγn′+1 · · · dγm = (γM − γ1 − · · · γn
′)m−n′
(m− n′)! (A.33)
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Hence, inserting eq. (A.33) in (A.35), we get the following:
B(n, n′,m) =
1
(m− n′)!
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′ [ 1
g + 1γ¯rd
]n−(m+2)+2
exp
(
−γM
γ¯rd
)
×∫ γM
0
· · ·
∫ γM−γ1−···γn′−1
0
exp
(
−
(
1
γ¯sd
− 1
γ¯rd
)
(γ1 + · · ·+ γn′)
)
(γM − γ1 − · · · γn′)m−n′dγ1 · · · dγm (A.34)
Now, dividing each variable by γM , we have:
B(n, n′,m) =
γm−n
′
M
(m− n′)!
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′ [ 1
g + 1γ¯rd
]n−(m+2)+2
exp
(
−γM
γ¯rd
)
×∫ 1
0
· · ·
∫ 1−γ1−···γn′−1
0
exp
(
−
(
1
γ¯sd
− 1
γ¯rd
)
(γ1 + · · ·+ γn′) γM
)
(1− γ1 − · · · γn′)m−n′dγ1 · · · dγm (A.35)
Then, using the identity in (A.3), B(n, n′,m) can be transformed into one dimensional integral as follows:
B(n, n′,m) =
γm−n
′
M
(m− n′)!
(
1
γ¯sd
)n′ ( 1
γ¯rd
)n−n′ [ 1
g + 1γ¯rd
]n−(m+2)+2
exp
(
−γM
γ¯rd
)
× Z2
Γ(n′)
(A.36)
with
Z2 =
∫ 1
0
exp
(
−γM
(
1
γ¯sd
− 1
γ¯rd
)
x
)
(1− x)m−n′xn′−1dx (A.37)
Applying binomial theorem, we can write
(1− x)m−n′ =
m−n′∑
j=0
(
m− n′
j
)
(−1)j(x)j (A.38)
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Therefore, using eq. (A.36), Z2 can be computed using the integral and series identity in [76, eq. (11)
§2.33, pp. 108]:
Z2 =
m−n′∑
j=0
(
m− n′
j
)
(−1)j ×
∫ 1
0
xj+n
′−1 exp
(
−
(
γM
γ¯sd
− γM
γ¯rd
)
x
)
dx (A.39)
=
m−n′∑
j=0
(
m− n′
j
)
(−1)j (j + n
′ − 1)!(
γM
γ¯sd
− γMγ¯rd
)(j+n′) ×
1−exp(−(γM
γ¯sd
− γM
γ¯rd
)) j+n′−1∑
i=0
(
γM
γ¯sd
− γMγ¯rd
)i
i!
 (A.40)
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Appendix B
B.1 Proof of Theorem 1
Eq. (3.68) can be split in two terms as P (O) = P(O1) + P(O2) with
P(O1) = P
(
N
c
s +N
c
r > θm;N
d
s > θm;N
c
s > θm
)
(B.1)
P(O2) = P
(
N
c
s +N
c
r > θm;N
d
s > θm;N
c
s ≤ θm
)
(B.2)
P(O1) corresponds to the case where outage occurs when the source is transmitting meaning the delays
on the s − d and s − r links exceed θm. P(O2) corresponds to the outage event when the delay on the
link s− r does not exceed θm, i.e. N cs ≤ θm, but when the links s− d and s− r− d are in outage. Let us
consider first the derivation of P(O2). Using eq. (B.2) with eqs. (3.62), (4.11), (3.66) and (3.67):
N
d
s > θm ⇔ α1 < P (γsd) < 1 (B.3)
N
c
s ≤ θm ⇔ 0 < P (γsr) ≤ α1/P (γsd) (B.4)
N
c
s +N
c
r > θm ⇔ 0 < 1−
P (γsd)(1− P (γsr))
θm(1− P (γsd)P (γsr))− 1 < P (γrd). (B.5)
with α1 defined as in Theorem 1. Moreover, the first inequality in the right-hand side of eq. (B.5) is
equivalent to 0 < P (γsr) <
1
P (γsd)
− 1θm−1 iff α1 < P (γsd) < α2 (which is always the case for θm ≥ 2) and
α2 defined as in Theorem 1. However for θm < 2, we can have α2 < P (γsd) < 1 and hence the previous
inequality on P (γsr) above is no longer valid. Hence, we have to verify that even in this case the events
in eq. (B.2) are valid. In particular, we have to verify if α2 < P (γsd) < 1 implies N
c
s + N
c
r > θm, the
other terms remaining unaffected by this condition. The following lemma states about this property.
Lemma 1. If θm < 2 and P (γsd) >θm − 1, then N cs +N cr > θm
Proof. if θm < 2, i.e. α2 = θm − 1, and α2 < P (γsd) < 1, this implies that:
1
1− P (γsd)P (γsr) >
1
1− α2P (γsr)
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Then using (4.11) and (3.66)
N
c
s +N
c
r >
1
1− α2P (γsr)
(
1 +
P (γsd)(1− P (γsr))
1− P (γ3)
)
>
1
1− α2P (γsr)
(
1 +
α2(1− P (γsr))
1− P (γ3)
)
>
1
1− α2P (γsr) (1 + α2(1− P (γsr)))
= 1 +
α2
1− α2P (γsr)
> 1 + α2
= θm

Hence, P(O2) can be split according to P (γsd) values as:
P(O2) = P(1)(O2) + P(2)(O2) (B.6)
with P(1)(O2) is defined for α1 < P (γsd) < α2 and represents the outage probability when the link s− r
is not in outage, i.e. N
c
s ≤ θm, however s− d and the path s− r − d are both in outage. It leads to the
expression in eq. (B.10) at the top of the page 3. P(2)(O2) accounts for the same physical situation but
when α2 < P (γsd) < 1 and is given by:
P(2)(O2) =
{
P
(
N
c
s < θm;α2 < P (γsd) < 1
)
if θm < 2
0 otherwise
which can be written as
P(2)(O2) =
∫ P−1γsd (α2)
0
∫ ∞
P−1γsr
(
α1
P (γsd)
) pγsd (γsd) pγsr (γsr) dγsddγsr iff θm < 2. (B.7)
Let us now focus on P(O1). Since, N
c
s > θm ⇒ N cs +N cr > θm, P(O1) can be written as:
3. obtained from eqs. (B.3) to (B.5).
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P(1)(O2) =
∫ P−1γsd (α1)
P−1γsd (α2)
∫ ∞
P−1γsr
(
1
P (γsd)
− 1
θm−1
)
∫ P−1γ3 (1− P (γsd)(1−P (γsr))θm(1−P (γsd)P (γsr))−1)
0
pγsd(γsd)pγsr(γsr)pγ3(γ3)dγsddγsrdγ3
(B.10)
P(O1) = P
(
N
d
s > θm;N
c
s > θm
)
(B.8)
We have N
c
s > θm ⇔ P (γsr) > α1P (γsd) . Since 0 < P (γsr) < 1, we have P (γsd) > α1. Hence, P(O1) can be
written as:
P(O1) = P
(
α1 < P (γsd) < 1;
α1
P (γsd)
< P (γsr) < 1
)
=
∫ P−1γsd (α1)
0
∫ P−1γsr( α1P (γsd))
0
pγsd (γsd) pγsr (γsr) dγsddγsr (B.9)
According to the value of θm, it can be noticed there exists overlapping domains in the calculation of
P(O1) and P(2)(O2). Indeed, the outer integral in (B.9) ranges from 0 to P−1γsd(α1), i.e. α1 < P (γsd) < 1.
On the other hand, the outer integral in (B.7) ranges from 0 to P−1γsd(α2), i.e. α2 < P (γsd) < 1. Hence,
if θm < 2, the integration domain of (B.9) encompasses the one of (B.7), since α1 < α2 < 1. P(O1) can
hence be split into two terms, we get P(O1) = P(1)(O1) + P(2)(O1) with:
P(1)(O1) =
∫ P−1γsd (α1)
P−1γsd (α2)
∫ P−1γsr( α1P (γsd))
0
pγsd (γsd) pγsr (γsr) dγsddγsr
P(2)(O1) =
∫ P−1γsd (α2)
0
∫ P−1γsr( α1P (γsd))
0
pγsd (γsd) pγsr (γsr) dγsddγsr
where P(1)(O1) is the outage probability when the links s− d and s− r are both in outage with θm < 2,
i.e. α1 < P (γsd) < α2 and P(2)(O1) corresponds to the same case but when α2 < P (γsd) < 1. Hence for
θm < 2, we have P(2)(O1) + P(2)(O2) = 1− exp(−P−1γsd(α2)/γsd). Furthermore, for θm ≥ 2, P−1γsd(α2) = 0.
Thus, P(2)(O1) = P(2)(O2) = 0, which proves the expression (3.71) in Theorem 1.
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Integrating P(1)(O1) w.r.t. γsr gives:
P(1)(O1) = G
(
1
γsd
)
− exp
(
−γth
γ2
)
(α1)
1
aγ2 I0 (B.11)
where I0 is given by:
I0 =
∫ P−1γsd (α1)
P−1γsd (α2)
(P (γsd)− α1)
−1
aγ2︸ ︷︷ ︸
A
pγsd(γsd)dγsd (B.12)
P (γsd) is a function of the form 1/(1 + u). The domain of interest of the PER in HARQ systems is
the range from high to medium PER (low PER makes HARQ mechanism useless). Hence, I0 can be
evaluated owing to the first order Taylor expansion of the function A near to u0 = exp (−aγth):
A ≈ (λ1)
−1
aγsr
(
1− λ2
γsr
+
λ3u
γsr
)
. (B.13)
Thus, substituting u by exp (a(γsd − γth)) and integrating w.r.t. γsd, the integral I0 can be approximated
as in eq. (3.73a) where λ1, λ2 and λ3 are defined in table 3.5. Furthermore, integrating P(1)(O2) in eq.
(B.10) w.r.t. γ3 gives P(1)(O2) = F1 − F2 with F1 and F2 respectively defined as:
F1 =
∫ P−1γsd (α1)
P−1γsd (α2)
∫ ∞
P−1γsr
(
1
P (γsd)
− 1
θm−1
) pγsd(γsd)pγsr(γsr)dγsddγsr
F2 =
∫ P−1γsd (α1)
P−1γsd (α2)
∫ ∞
P−1γsr
(
1
P (γsd)
− 1
θm−1
) exp
(
− γth
γrd
)
(θm − 1)
1
aγrd ×
(
1
P (γsd)
− 1θm−1 − P (γsr)
1− P (γsr)
)( 1
aγrd
)
pγsd(γsd)
×pγsr(γsr)dγsddγsr
Hence by integrating w.r.t. γsr, F1 = e
−γth/γsrI1 with:
I1 =
∫ P−1γsd (α1)
P−1γsd (α2)
(
1
1
P (γsd)
− 1θm−1
− 1
) −1
aγsr
︸ ︷︷ ︸
B
pγsd(γsd)dγsd (B.15)
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The first order Taylor expansion of B near to the point u = exp (γm − γth) gives 4:
B ≈ (λ1)
−1
aγsr
(
1− λ2 + λ3
γsr
exp (−aγth)u
)
. (B.16)
Replacing u by exp(a(γsd − γth)) and integrating w.r.t. γsd, I1 can be written as in (3.73b) with λ1, λ2,
λ3 given in table 3.5. We let g(γsd) =
1
P (γsd)
− 1θm−1 , u = exp (−a (γsr − γth)), F2 can be re-written as
follows:
F2 =
(θm − 1)
1
aγrd
aγsr
exp
(
−γth
γsr
− γth
γrd
)
×
∫ P−1γsd (α1)
P−1γsd (α2)
(1− g(γsd))
1
aγrd × I3dγsd (B.17)
with:
I3 =
∫ g(γsd)
1−g(γsd)
0
u
( 1
aγsr
−1)
(
g(γsd)
1− g(γsd) − u
) 1
aγ3
du. (B.18)
I3 can be written in closed form [76, p. 315], leading to:
F2 =
(
(θm − 1)
1
γrd
aγsr
)
exp
(
−
(
γth
γsr
+
γth
γrd
))
β
(
1
aγrd
+ 1,
1
aγsr
)
I2 (B.19)
with β(·, ·) being the beta function and:
I2 =
∫ P−1γsd (α1)
P−1γsd (α2)
(1− g(γsd))
1
aγrd
(
g(γsd)
1− g(γsd)
) 1
aγsr
+ 1
aγrd
pγsd(γsd)dγsd (B.20)
Therefore, using the same approximation method as in (B.16), eq. (3.73c) is obtained which concludes
the proof.
4. where γm =
P−1γsd (α1)+P
−1
γsd
(α2)
2

APPENDIX
Appendix C
C.1 Proof of proposition 1
The problem is generally not a convex optimization problem, since constraints (c4) and (c5) are not
convex. Thus, we try to search if the problem solutions are optimal when relay-assisted communications
can be used, i.e. for gc0,m > g
c
0,k,m.
Consider the two functions h(pc0,k,m) and u(p
c
0,k,m) defined over p
c
0,k,m ∈ ] 0,+∞ [ . The first derivative of
the composite function f = h ◦ u is given by:
∂f
∂pc0,k,m
=
(
∂h(u)
∂u
)(
∂u
∂pc0,k,m
)
(C.1)
let h(u) =
P c0,m(u
−1)(1−P c0,k,m(u−1))
(1−P c0,m(u−1)P c0,k,m(u−1)) and u(p
c
0,k,m) =
1
pc0,k,m
. Then, ∂u∂pc0,k,m
= −1
pc0,m
2 < 0 for p
c
0,k,m > 0 and
∂h(u)
∂u =
(1−P c0,m(u−1))(1−P c0,k,m(u−1))
(1−P c0,m(u−1)P c0,k,m(u−1))
2
(
gc0,m − gc0,k,mP c0,m(u−1)
)
. Therefore, ∂h(u)∂u > 0, since g
c
0,m > g
c
0,k,m
and P c0,m ∈]0, 1[. Therefore, f(pc0,k,m) is a strictly decreasing function. Hence, for any p1 and p′1 such that
p1 < p
′
1 and t ∈ ] 0, 1 [ we have f(tp1+(1−t)p′1) < max {f(p1), f(p′1)}. Therefore f(pc0,k,m) is a quasiconvex
function [65]. Since, f(pc0,k,m) is a strictly decreasing function, then max {f(p1), f(p′1)} = f(p1). Also
consider the strictly decreasing function l(pck,m) =
1
(1−P ck,m(pck,m)) . Hence, for any different p2 and p
′
2 such
that p2 < p
′
2 and t ∈ ] 0, 1 [ the following condition is satisfied
l(tp2 + (1− t)p′2) < max
{
l(p2), l(p
′
2)
}
= l(p2) (C.2)
Therefore l(pck,m) is a quasiconvex function. Hence, for any (p1, p2) and (p
′
1, p
′
2) such that p1 < p
′
1 and
p2 < p
′
2 we have f(tp1 +(1−t)p′1)l(tp2 +(1−t)p′2) ≤ f(p1)l(p2) = max {f(p1)l(p2), f(p′1)l(p′2)}. Therefore,
f(pc0,k,m)l(p
c
k,m) is a quasiconvex function. Moreover −N
c
k,m is an affine decreasing function. Hence, for
any different positive N1 and N
′
1 such that N1 < N
′
1 and t ∈ ] 0, 1 [ we have −(tN1 + (1− t)N ′1) < −N1.
Finally, for any triple (p1, p2, N1) and (p
′
1, p
′
2, N
′
1) such that p1 < p
′
1, p2 < p
′
2, N1 < N
′
1 and t ∈ ] 0, 1 [ we
have (h(tp1 +(1− t)p′1)l(tp2 +(1− t)p′2)− tN1−(1− t)N ′1) < (h(p1)l(p2)−N1) = max {(h(p1)l(p2)−N1),
(h(p′1)l(p′2)−N ′1)}. Thus constraint (c5) is a quasiconvex function. By the same analogy, it can be easily
shown that constraints (c3) and (c4) are also quasiconvex functions. Moreover, the objective function
and all other constraint functions are affine. Thus it can be deduced from the quasiconvexity properties
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Figure 9: Energy-Delay versus power pm = pc0,k,m + p
c
k,m
of (c3), (c4) and (c5) and the linearity of the objective function and all other constraints that any local
optimal solution is a global one [81].
C.2 Energy-Delay versus power
Suppose that there exists only one user m to be served and a relay k is selected to help this user.
In order to analyze how the resource scheduler allocates powers for a user m according to its delay and
power constraint Ptot, let us assume that pm = p
c
0,k,m + p
c
k,m. This assumption on the power variables
is just to be able to analyze the energy and delay versus pm and give some insight about our proposed
algorithm. Fig. 9 shows the average energy and average delay versus the power pm for user m. Moreover,
the energy curve has a minimum Emin at pm = pEmin which corresponds to a delay DEmin . Therefore,
the average energy function is strictly decreasing for pm < pEmin and is increasing for pm > pEmin . Hence,
there are several conditions to be studied and stated as follows:
• If user m has a delay constraint Dm < DEmin , then the required power pm > pEmin (since the delay
versus pm is strictly decreasing) and the power pm that satisfy the equality N
c
0,k,m + N
c
k,m = Dm
leads to the optimal minimum energy (Since for pm > pEmin , the energy function is increasing).
Hence, if pm ≤ Ptot, user m is served. Otherwise, it goes in starvation.
• If Dm ≥ DEmin , then the required power pm ≤ pEmin . Therefore, if pEmin ≤ Ptot, then the optimal
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power pm that leads to a minimum energy, is the solution of the equality N
c
0,k,m +N
c
k,m = DEmin ,
i.e. pm = pEmin and the consumed energy is Emin. Moreover, it is equivalent to find the minimum
of the energy function without considering the delay constraint (γm = 0).
• If Dm ≥ DEmin and pEmin > Ptot, the resource scheduler has to allocate a power in pm ∈ ]0, pEmin [
and thus the energy function starts increasing as pm decreases (decreasing pm means increasing the
delay and thus increasing the energy consumption). Hence, the resource scheduler starts updating
µ until it finds pm ≤ Ptot and it satisfies the inequality N c0,k,m + N ck,m ≤ Dm and then it served.
Otherwise, user m goes in starvation.
Hence, these analysis prove that the overall system can have a minimum total energy consumption if
there is a sufficient power constraint, i.e. for high Ptot, the resource scheduler allocates power pm ≥ pEmin
for all m ∈M. Hence, this concludes the proof of theorem 2.
C.3 Energy-delay ratio
The energy-delay ratio Rm is defined as the ratio of the average energy consumed and the average
delay associated to user m and given as follow:
Rm =
Bw ×
(
sk,mE
c
k,m + (1− sk,m)Ed0,m
)
(
1−∑Kk=1 sk,m)Nd0,m+∑Kk=1 sk,m (N c0,k,m+N ck,m) Watts (C.3)
where Bw is the bandwidth. If the problem is unfeasible, i.e. there is no sufficient power that can satisfy
all users, the user with greater Rm is rejected.
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 Résumé 
 
Dans les systèmes de communications sans fil, la transmission 
de grandes quantités d'information et à faible coût énergétique 
sont les deux principales questions qui n'ont jamais cessé 
d'attirer l'attention de la communauté scientifique au cours de la 
dernière décennie. 
 
Récemment, il a été démontré que la communication 
coopérative est une technique intéressante notamment parce 
qu'elle permet d'exploiter la diversité spatiale dans le canal sans 
fil. Cette technique assure une communication robuste et fiable, 
une meilleure qualité de service (QoS) et rend le concept de 
coopération prometteur pour les futurs générations de systèmes 
cellulaires. Typiquement, les QoS sont le taux d'erreurs paquet, 
le débit et le délai. Ces métriques sont impactées par le délai, 
induit par les mécanismes de retransmission Hybrid-Automatic 
Repeat-Request (HARQ) inhérents à la réception d'un paquet 
erroné et qui a un retard sur la QoS demandée. En revanche, 
les mécanismes HARQ créent une diversité temporelle. Par 
conséquent, l'adoption conjointe de la communication 
coopérative et des protocoles HARQ pourrait s'avérer 
avantageux pour la conception de schémas cross-layer. 
 
Nous proposons tout d'abord une stratégie de maximisation de 
débit  total dans un réseau cellulaire hétérogène. Nous 
introduisons un algorithme qui alloue la puissance optimale à la 
station de base (BS) et aux relais, qui à chaque utilisateur 
attribue de manière optimale les sous-porteuses et les relais. 
Nous calculons le débit maximal atteignable ainsi que le taux 
d'utilisateurs sans ressources dans le réseau lorsque le nombre 
d'utilisateurs actifs varie. Nous comparons les performances de 
notre algorithme à ceux de la littérature existante, et montrons 
qu'un gain significatif est atteint sur la capacité globale.   
 
Dans un second temps,  nous analysons théoriquement  le taux 
d'erreurs paquet, le délai ainsi que l'efficacité de débit des 
réseaux HARQ coopératifs, dans le canal à évanouissements 
par blocs. Dans le cas des canaux à évanouissement lents, le 
délai moyen du mécanisme HARQ n'est pas pertinent à cause 
de la non-ergodicité du processus. Ainsi, nous nous intéressons 
plutôt à la probabilité de coupure de délai en présence 
d'évanouissements lents. La probabilité de coupure de délai est 
de première importance pour les applications sensibles au 
délai. Nous proposons une forme analytique de la probabilité de 
coupure permettant de se passer de longues simulations.  
 
Dans la suite de notre travail, nous analysons théoriquement 
l'efficacité énergétique (bits/joule) dans les réseaux HARQ 
coopératifs. Nous résolvons ensuite un problème de 
minimisation de l'énergie dans les réseaux coopératifs en 
liaison descendante. Dans ce problème, chaque utilisateur 
possède une contrainte de délai moyen à satisfaire de telle 
sorte que la contrainte sur la puissance totale du système soit 
respectée. L'algorithme de minimisation permet d'attribuer à 
chaque utilisateur la station-relai optimale et sa puissance ainsi 
que la puissance optimale de la BS afin de satisfaire les 
contraintes de délai. Les simulations montrent qu'en termes de 
consommation d'énergie, les techniques assistées par relais 
prédominent nettement les transmissions directes, dans tout 
système limité en délai. En conclusion, les travaux proposés 
dans cette thèse peuvent promettre d'établir des règles fiables 
pour l'ingénierie et la conception des futures générations de 
systèmes cellulaires énergétiquement efficaces. 
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Abstract 
 
In wireless systems, transmitting large amounts of information 
with low energetic cost are two main issues that have never 
stopped drawing the attention of the scientific community during 
the past decade.  
 
Later, it has been shown that cooperative communication is an 
appealing technique that exploits spatial diversity in wireless 
channel. Therefore, this technique certainly promises a robust 
and reliable communications, higher quality-of-service (QoS) 
and makes the cooperation concept attractive for future cellular 
systems. Typically, the QoS requirements are the packet error 
rate, throughput and delay. These metrics are affected by the 
delay, where each erroneous packet is retransmitted several 
times according to Hybrid-Automatic Repeat-Request (HARQ) 
mechanism inducing a delay on the demanded QoS but a 
temporal diversity is created. Therefore, adopting jointly 
cooperative communications and HARQ mechanisms could be 
beneficial for designing cross-layer schemes.   
 
First, a new rate maximization strategy, under heterogeneous 
data rate constraints among users is proposed. We propose an 
algorithm that allocates the optimal power at the base station 
(BS) and relays, assigns subcarriers and selects relays. The 
achievable data rate is investigated as well as the average 
starvation rate in the network when the load, i.e. the number of 
active users in the network, is increasing. It showed a significant 
gain in terms of global capacity compared to literature.  
 
Second, in block fading channel, theoretical analyses of the 
packet error rate, delay and throughput efficiency in relay-
assisted HARQ networks are provided. In slow fading channels, 
the average delay of HARQ mechanisms w.r.t. the fading states 
is not relevant due to the non-ergodic process of the fading 
channel. The delay outage is hence invoked to deal with the 
slow fading channel and is defined as the probability that the 
average delay w.r.t. AWGN channel exceeds a predefined 
threshold. This criterion has never been studied in literature, 
although being of importance for delay sensitive applications in 
slow fading channels. Then, an analytical form of the delay 
outage probability is proposed which might be useful to avoid 
lengthy simulations. These analyses consider a finite packet 
length and a given modulation and coding scheme (MCS) which 
leads to study the performance of practical systems.  
 
Third, a theoretical analysis of the energy efficiency (bits/joule) 
in relay-assisted HARQ networks is provided. Based on this 
analysis, an energy minimization problem in multiuser relay-
assisted downlink cellular networks is investigated. Each user 
has an average delay constraint to be satisfied such that a total 
power constraint in the system is respected. The BS is 
assumed to have only knowledge about the average channel 
statistics but no instantaneous channel state information (CSI). 
Finally, an algorithm that jointly allocates the optimal power at 
BS, the relay stations and selects the optimal relay in order to 
satisfy the delay constrains of users is proposed. The 
simulations show the improvement in terms of energy 
consumption of relay-assisted techniques compared to non-
aided transmission in delay-constrained systems. Hence, the 
work proposed in this thesis can give useful insights for 
engineering rules in the design of the next generation energy-
efficient cellular systems. 
